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ABSTRACT
Passive structures react effectively to only one dominant loading condition. Adaptive
structures in contrast can deal with multiple loading conditions and unanticipated events at
the same time. Truly adaptive civil structures do not exist. Concrete structures can be made
adaptive through variable prestressing. Design concepts for an adaptive prestressed concrete
girder are formulated in this research. Loading conditions and desired capabilities of the
proposed system are defined. The system architecture is composed of sensors, a monitoring
and control scheme, and actuators. These system components perform state identification,
decision-making, and implementation of actions. Each system component is assigned
requirements that are necessary to deal with all loading conditions in an appropriate way.
Existing sensor technologies are explained and evaluated with respect to their capabilities to
fulfill their functional requirements. A monitoring scheme is designed to interpret data
assessed by the sensors for state identification. Adaptive control systems cannot be designed
with conventional control algorithms. New control decision systems such as neural nets,
expert systems, and fuzzy logic systems are needed for this task. Here, these systems are
presented in general as forms of adaptive control. For each loading condition of the proposed
system, a control strategy is developed. For the control of fluctuating live loads, a fuzzy logic
based control scheme is proposed. Criteria for the selection of actuator technologies are
given, and candidate actuator technologies are described and evaluated. Lastly, the problems
associated with integrating the system components into a single system are discussed.
Thesis Supervisor: Jerome J. Connor
Title: Professor of Civil and Environmental Engineering
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Chapter] General Introduction
1 General Introduction
1.1 Introduction
The objective of this research is to formulate and evaluate design concepts for adaptively
controlled prestressed concrete structures. The feasibility of applying this technology to
infrastructure projects will be addressed throughout the research program. These applications
will be primarily in buildings. This research will facilitate the use of new technology to
improve society's infrastructure.
Prestressed concrete structures generally perform at a higher level than reinforced concrete
structures. Their performance can be further improved by varying the prestressing force over
time and adjusting it to the actual loading conditions. This is not possible with conventional
prestressing systems. The aim of this research is to develop concepts for a prestressing
scheme, which allows for adaptive control of the prestressing force. This system can be used
either in permanent structures or during construction stages.
Permanent structures equipped with the proposed system would constitute a new category of
civil structures. Up to now, civil structures are designed for only one dominant loading
condition. Adaptive structures, in contrast, can react to more than one loading condition
effectively and even deal with unanticipated events. They can be designed to be fail-safe. The
system can also compensate losses in prestressing force due to creep, shrinkage, relaxation
and other factors.
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The system can also be used to improve the construction process. The prestressing force
cannot always be applied in one step; it often has to be applied in several, smaller steps. High
prestressing forces designed for high loads severely damage the structure when only small
loads are acting on the structure. During construction, the prestressing force has to be
increased gradually as more loads are applied. The proposed system automates this process,
by identifying the loads and adjusting the prestressing force. Time-consuming planning and
checking of construction stages becomes easier and faster.
The proposed system consists of sensors and a monitoring scheme, a control scheme, and
actuators. Sensors and the monitoring scheme identify the current state of the system. The
control scheme compares this information with the desired state and decides on an
appropriate action to reach a more desirable state. The control scheme will be fuzzy logic
based in order to be able to deal with multiple and unpredictable loading conditions. The
actuators physically perform the action ordered by the control scheme, i.e. adjust the control
forces to the desired levels.
Prestressed concrete has played a crucial role in the development of infrastructure, such as
buildings and bridges. The proposed technology, as a further development of prestressed
concrete, optimizes and extends the capabilities of existing technology. It improves the
efficiency of existing systems by making use of advanced information processing and sensor
technology. It introduces adaptive control to civil structures. The new technology will lead to
an entirely new category of civil structures, as adaptive control is not employed in civil
structures at this time.
Infrastructure is used daily by everyone, although most users do not consciously recognize
this fact. The economic development of a nation depends on its infrastructure. The quality of
infrastructure effects society as a whole. If infrastructure can be improved, everyone will
benefit.
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The proposed system will help to improve infrastructure by raising the performance level of
structures. This can be achieved in two ways. Permanent structures will be able to perform
tasks they previously were unable to perform. New and better construction methods will lead
to lower prices, thus generating economic benefits. Technological developments have helped
to make infrastructure more capable and more affordable and will continue to do so in the
future. The potential benefits of this new technology are enormous.
1.2 Prestressed Concrete
Prestressed concrete can be seen as a form of reinforced concrete. Concrete has a high
compressive strength, but its tensile strength is only a fraction of that. By adding steel in the
tension zones of a member, both steel and concrete are used effectively. This is called
reinforced concrete.
Prestressing takes this concept further by applying forces, which generate compressive
stresses that offset the tensile stress due to the design loads. By minimizing tension in the
concrete under load, the development of cracks is prevented. This way, the compressive
strength of concrete can be used even in tension zones. Prestressed concrete members
generally have a smaller depth than reinforced concrete members, for the same span and
load. This results in a smaller weight, which can become important for supporting structures
and foundations. Prestressed members are economic for long-span structures. By
counteracting the load, prestressing can greatly increase the capacity of a member. For every
load, there is an optimum level of prestressing in a member.
However, there are also some disadvantages to prestressed concrete. The range of loads a
prestressed member can be designed for is relatively small. A member designed for high
loads will not perform well without any or only small loads. A good performance for a wide
range of loads can only be achieved through variable prestressing. Another disadvantage is
higher cost.
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1.3 Structural Control
Structural control usually focuses on motion but is not limited to it. It can also concern
strength and stiffness of a structure. Structural control helps to improve the performance of
structures more effectively by generating influences that minimize the negative effects of
certain loads. The control can be applied as external forces or by changing the geometry or
material properties of the structure. After this brief summary, different levels of structural
control will be introduced, and illustrative examples are presented. The list of examples is not
meant to be complete, but rather to reinforce the descriptions.
1.3.1 Passive Control
Passive control is by far the most commonly used form of structural control. It can best be
defined by citing examples of passive control systems. These can be tuned mass damper
systems or base isolation systems. In both cases, a change in the structure is caused by an
external load. With tuned mass damper systems, an additional mass resonates out of phase
with the original motion of the structure, thus reducing the structures dynamic response.
Tuned mass damper systems control the motion of a structure.
A base isolation system changes the stiffness of the foundation of a structure. It isolates the
structure from the ground. That way the structure is protected from harmful ground motion
and seismic excitation. While the isolation effectively protects the structure, it also causes
large relative displacement of the structure in horizontal directions. Under seismic loads,
these relative displacements are necessary to protect the structure. Under normal conditions,
other lateral forces such as wind also cause relative displacements, when the structure is
isolated from the ground. Under normal conditions, these displacements cannot be tolerated.
Base isolation systems therefore only isolate the structure from the ground under seismic
loads. The "activation" of the isolation is caused by relatively high seismic forces. Base
isolation systems control the forces in a structure.
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Passive systems require no external energy source to operate. They cannot adapt to
unforeseen loads or conditions. A tuned mass damper system is tuned to a certain frequency,
so that it is ineffective when the structure is excited with an entirely different frequency.
Similarly, base isolation systems have a fixed yield point at which the structure is isolated.
The yield point cannot be changed.
Prestressed Concrete Structures can also be seen as passive control systems. The prestressing
force counteracts a force, thus controlling stress in the concrete. As in any passively
controlled structure, the control is best fitted for one level of loading and ill suited for others.
Passive control proves to be very effective for well defined loading conditions with little
variation in load levels.
1.3.2 Active Control
Active control systems are a further development of passive systems. Active control requires
an external source of energy. Since active control systems act externally on the structure,
they require a monitoring scheme and a control mechanism. The monitoring scheme assesses
the state of the structure, while the control mechanism determines, based on the information
provided by the control scheme, how and when the external energy is applied. Examples of
active control systems are active mass drivers and active variable stiffness systems.
An active mass driver is a mechanism that moves a mass to create a force acting on the
structure. Like tuned mass dampers, active mass drivers are used to control the motion of tall
buildings and other structures. However, they function in an entirely different way. Active
variable stiffness systems have the ability to change the stiffness of a structure. This can be
done by connecting or disconnecting braces in a moment frame. Unlike for a base isolation
system, this process is actively controlled as the result of the data processing of a control
mechanism and implemented by an externally generated force, not by the load itself. While
passive systems allow only one response to a loading condition, the reaction of active
systems can be changed and fine-tuned.
10
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1.3.3 Adaptive Control
Adaptive control is a special form of active control. Adaptive systems have the ability to
optimize the control parameters and adjust to unforeseen conditions. In addition to the state
monitoring described for active systems, adaptive systems also monitor their own
performance and change control algorithms and parameters when necessary. Adaptive
systems are able to identify loading conditions, which have not been predefined. This goes
beyond the recognition abilities of non-adaptive active systems. Since they can adapt to
changing conditions, a precise knowledge of the physical system is not required for the
control scheme. Adaptively controlled structures are also referred to as smart structures. This
term is often used incorrectly for active structures in general.
Prestressed concrete structures in theory can be made active and even adaptive. Simply by
changing the prestressing force, the same structure can cover a much broader range of
loading conditions. Adaptive control also enables the structure to react to conditions that
cannot be predicted or modeled accurately. The idea of adaptive prestressing is investigated
in this work.
11
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2 Problem Formulation
2.1 Scope of Research
The advantages of prestressed concrete structures have been known and used for decades.
The objective of this research is to find and evaluate ways to improve the performance of
prestressed concrete structures by making them adaptive. As an example, a long-span girder
will be considered. Later the findings can be used to apply the new technology to more
complex problems.
Based on the ideas explained earlier the performance objectives of the proposed system will
be defined more closely. The structural design will be specified to the necessary extent. The
idea is to provide the hardware of the system. In order to create a general solution, numbers
will not be defined unless necessary. This serves the purpose of true adaptivity of the system.
General structural issues will be addressed. The emphasis, however, is on solving general
problems, not on solving an explicit example. Actual loading conditions will be formulated.
Again, as few details as possible will be specified in order to create a broad range of potential
applications. The system should be able to gather all necessary data by itself and not rely on
data from outside. The only data input should be in the format of universal knowledge and
rules.
Before the design of the system components, the design of the system architecture will be
developed. Besides the structural hardware, the system will be comprised of sensors, a
12
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monitoring scheme, a control scheme, and actuators. The system architecture determines how
these elements interact and which tasks they perform. Due to the complexity of the whole
problem, the elements will be dealt with separately. To design the elements effectively, their
tasks have to be stated explicitly and the interfaces have to be structured. All this is part of
the system architecture. The course of development might make changes of the system
architecture or of the interfaces necessary. Unsolved issues with one element, however, will
not delay the development of the other elements. After each design step, the results will be
checked against the provisions of the system architecture and the interface. Adjustments on
either side will be made. Finally, the overall achievement of all elements will be evaluated.
Persisting problems or unresolved issues will be explained and included in recommendations
for further research.
2.2 Commercial Applications
Any successful research will eventually have a commercial application. The new technology
will only be successful and applied commercially if the technology is
Li able to perform tasks that no other technology has been able to perform before, or
u more efficient than an existing technology for a particular task.
Many historic examples exist. Adaptive concrete structures are not meant to replace
conventional concrete structures but to supplement them. They will eventually give designers
a greater variety of design solutions to choose from. At this point, two commercial
applications are seen as most likely to become real. These two applications are permanent
structures and construction methods. A vision for these applications is described below.
2.2.1 Permanent Structures
The performance of permanent structures can be improved by adaptive control systems. The
improvements can be in safety or in efficiency or in both. Again, using the example of a
13
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prestressed concrete girder, the objectives of adaptive control can be defined as:
i Making the girder failsafe. This means the failure of a tendon can be compensated for by
the rest of the system.
Li Compensating loss of prestress due to slip at the anchorages, frictional losses along the
tendons, shrinkage and creep of the concrete and relaxation of the steel tendons.
i Allowing the girder to bear loads higher than design loads for passive prestressing by
activating structural reserves. When a load is applied, the tension in the tendons can be
higher without causing the concrete to fail. Prestressing forces are activated on demand.
With increased tension the load bearing capacity also rises.
The first point addresses safety, the second point addresses efficiency and the third one a
combination of safety and efficiency. Practical applications can be any structure that must be
fail-safe, such as hospitals or military structures, or wherever loading conditions cannot be
defined properly for the design or where failsafe performance must be guaranteed.
Ultimately, the structure will have several prestressing schemes to suit the needs of multiple
loading conditions in an optimal way.
2.2.2 Construction Methods
For many prestressed structures such as long-span bridges live loads only account for a small
part of all loads. Using the example of the long-span bridge, the dead load is the self-weight
of the girder, the bridge deck, pavement etc. The self-weight of the girder as the main
structural element is only a small part of the total dead load. This causes a conflict between
efficient design and structural requirements during construction stages. At the beginning of
construction, the girder only bears its own self-weight and little or no other load. During
construction, the dead load gradually builds up. After completion, all live and dead loads act
on the girder. The same girder has to deal with two completely different loading conditions:
14
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virtually no load and all dead and live loads combined. If all the dead load acted
immediately, a higher tensioning force in the tendons could be applied, making a more
economic design of the girder possible.
This is where the adaptive control comes in. The girder might be prefabricated or cast in
place. It is equipped with a control device as described in this research. When the girder is in
place, the tensioning force is relatively low since the girder is unloaded. During construction,
the dead load increases in steps. Simultaneously the tension in the tendons can be increased
to account for the higher load. Since the system is controlled automatically, the construction
process is not obstructed and changes can be made any time. The adaptive control system
adjusts itself to the course of construction. When construction has been completed, the
prestressing force has reached the desired level for the total loads. Losses in prestress caused
by creep, shrinkage and relaxation that occur during construction are also compensated for.
After that, the prestressing device including the sensors, monitoring and control scheme can
be removed and used on the next job. In general, a higher level of prestressing becomes
possible when the problem of initial prestress is eliminated.
This application has the great advantage of simplicity. During the construction process, the
load changes are quasi-static and the loads are continuously increasing. The load will only
Figure 1: System Architecture
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increase and will never decrease. The operating cost of the system will be low, as it will only
operate for a short time during construction. After that, it can be used at other jobs, with little
or no modification. Savings in construction cost can be substantial.
2.3 System Architecture
The control of the girder will be adjusted by varying the tension in the cables. According to
the general scheme of Identify - Decide - Act, the system will monitor and identify its state,
determine an appropriate action and transform this decision into physical changes. This will
be done by sensors, a monitoring scheme, a control scheme and actuators, respectively. The
general scheme of the system architecture is shown in Figure 1. The most important
component is the control scheme. The control scheme will not rely on traditional algorithms,
but employ adaptive control technology.
To solve engineering problems, sensors and monitoring scheme, control scheme and actuator
are dealt with separately. To ensure optimal results, the components are designed
independently and assembled later. Interfaces are defined so that independent design
processes become possible. This strategy ensures that problems or errors in one component
do not affect the designs of other components.
At this point, input and output variables have to be defined. Unlike in simple control
problems, there are several variables to be observed and their values must be kept within the
permissible ranges, not as close as possible to a constant value. These ranges have desirable
and tolerable sections, which vary with changing conditions.
For the general definition of the problem and the dimensions of the girder, a good balance
between a realistic application and a pure research project has to be found. A fully realistic
approach would mean the complete development of a new product including all details. This
would certainly be beyond the scope of this research. Minor problems would dominate the
work and distract from the actual issue of adaptive control. On the other hand, a pure lab
16
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approach would omit important engineering issues. Without addressing these engineering
issues, actual applications are impossible. It would be of a pure academic interest and useless
for further development. The compromise is a problem definition that focuses on the main
issues of adaptive control, yet does not completely disregard related engineering problems.
The engineering problems must be identified and ways to solve them must be shown. The
system should be designed in a simple way, but have the potential to rise to an actual
application.
2.4 Structural System
First, some general considerations regarding the structural system will be made. Then,
specific problems related to the structural system are identified. The general considerations
deal with issues such as the general layout of the structure, type and layout of tendons,
prestressing methods and corrosion. The specific problems are caused by different
assumptions for the design that become necessary due to the adaptive control of the system.
2.4.1 General Considerations
The design of the systems will be tailored to fit a long-span structure. There are two reasons
for this choice. Firstly, prestressing generally is most effective for long-span structures, and
secondly, the influence of shear is less important for long-span structures. Reinforced
concrete girders become very heavy when reaching a span of 20 to 30 m. For girders of a
larger span, prestressed concrete is more efficient, since the depth of a prestressed member
usually is about 65 to 80 percent of the depth of the equivalent reinforced concrete member.
Prestressing itself causes additional cost that can only be justified with savings elsewhere.
For long spans, these savings are larger than the additional cost. Consequently, the use of
prestressed concrete in combination with adaptive control is only efficient for long-span
structures.
In a long-span structure, bending becomes critical, while shear only plays a minor role. This
17
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is important since prestressing controls bending rather than shear. With a longer span, point
loads increase in number, but not in magnitude. Continuous loads do not increase with a
longer span, but the length or area on which they act becomes larger. Assuming a continuous
load, the shear force increases linearly as the span becomes larger. The moment in contrast
increases quadratically. Moment and shear lines are shown in Figure 2.
Generally, a continuous load will be assumed as the dominant loading condition under
normal circumstances. The loading conditions will be explained in detail later in this chapter.
Prestressed Girder
under Continuous Load
Moment Line
Shear Line
Figure 2: Prestressed Girder under Continuous Load with Moment and Shear Lines
To determine the shape of the tendon, knowledge of the dominant load is necessary, since the
shape of the tendon cannot be adjusted later. For a long-span member, continuous loads most
closely resemble actual loading conditions. For this load, the moment line is parabolic.
Hence, the shape of the tendon will also be parabolic. Another assumption that is made is that
there will be no external axial loads.
The prestressing force has to be adjusted during the operation of the system. This is only
possible if unbonded tendons are used. Since the rather uncommon unbonded tendons will be
incorporated in the design of the system, the main differences between bonded and unbonded
18
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tendons are outlined here.
An unbonded tendon is shown in Figure 3. There are two common methods of prestressing
concrete. For pre-tensioning, tendons are tensioned before concrete is poured. For adaptive
systems pre-tensioning methods are impractical and will not be covered here. Post-tensioning
systems can either use bonded or unbonded tendons. In any case, tendons are in a duct or
tube, which is placed in the concrete. After the concrete has reached sufficient strength, the
tendons are tensioned. At this point, there is no bond between the tendon and the concrete.
The prestressing force rests completely on the anchorages at the ends of the tendons. Because
the entire force is transferred at anchorage points, these points have to receive special
attention. For bonded tendons, the ducts are grouted under pressure. This creates a bond
between the concrete and the tendons. Unbonded tendons are not grouted. Structurally there
is one major difference between bonded and unbonded tendons. When a load is applied to the
structure, boundary conditions require the load-induced strain between concrete and tendon
to be the same. This means under load the tendons receive additional stress and in that way
act as normal reinforcement. Unbonded tendons in contrast are independent from concrete
strain. They only apply the prestressing force on the concrete. There are a number of other
differences not concerning the structural function. Unbonded tendons use smaller tubes than
bonded tendons in post-tensioning. They therefore can be aligned better, which improves
structural efficiency. Their lower friction values help reduce frictional losses over the length
of the tendon. Besides that, they are faster to install, which makes construction easier.
The problem of corrosion is the same as for any prestressed concrete structure. The tendons
have to be protected to ensure the durability and long-term performance of the structure. In
Plastic tube Grease Strand
Figure 3: Unbonded Tendon as in [2]
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the ducts, the tendons are protected by grease. The structures ability to change the
prestressing force causes additional problems related to corrosion. Since the actuators move
the tendon ends, the tendons cannot be sealed after prestressing. The tendon ends must be
accessible for actuator operation. This design detail has to be included in the design of the
actuator and its connection with the structure. Alternatively, the use of fiber reinforced
plastic (FRP) tendons, which are corrosion free, presents another option.
2.4.2 Specific Problems
Specific problems related to the structural system arise from the active control of the system.
Conventional design concepts cannot be applied. An in-depth understanding of the structural
behavior becomes necessary.
Safety concepts with load factors and their strength reduction factors as used by American
Concrete Institute (ACI) or the Euro Code system cannot be applied for adaptively controlled
structures. The problem of multiple loading conditions, as it is often encountered with
prestressed concrete structures, cannot be dealt with by the control scheme in the way a
designer deals with it. A designer considers the loading conditions one by one with the
appropriate load factors and designs the structure accordingly. The result often is a number of
iterative steps until one design fits all loading conditions. The control scheme in contrast
takes into account actual loads at any time and adjusts the structure itself to fit the loading
conditions. Therefore, the control scheme can only incorporate material factors. However,
the safety achieved through load factors can be including by reducing the permissible loads
by a factor, equal to the load factor. Then the overall safety level is the same as in
conventional structures. The way it is achieved is completely different. Within the
permissible range of loads, the system "knows" the actual loads, making load factors
obsolete. The absolute capacity of the structure is limited. For an optimal design the
maximum loading must be known. In the given configuration this is often not the case. In
that situation the only answer is to design the structure and then determine the ultimate
capacity afterwards.
20
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Consequently, for the design of the structural system and the control scheme the strength
reduction factors as given in ACI 318-95 or EC 2 will be used. No load factors will be
applied during the design phase or for the operation of the system. Finally, the minimum and
maximum permissible load will be adjusted with the appropriate load factors.
The maximum permissible stress for concrete and tendons will be used as provided by the
code from which the safety concept is adopted. Special attention has to be directed to the
development of the concrete strength during hardening. The same is true for the Young's
modulus. The modulus will be used to calculate stress from strain. A precise understanding
of the modulus and the factors that influence it is therefore crucial. In the final state (after 28
days) the modulus can be considered linear for all practical purposes to about 40 percent of
the ultimate strength f'c [35]. According to the American Association of State Highway and
Transportation Officials (AASHTO), the maximum permissible compression stress at service
loads after losses in prestress is 0.40 f'c. Hence, if the structure is designed (and operated)
according to AASHTO rules, the stress strain relation can be assumed constant after 28 days.
Furthermore, the structural system and the control scheme will be designed to keep the
concrete in compression at all times. This way, cracks are prevented. Cracks lead to non-
linear behavior of the structure that is hard to control. Structural behavior becomes
unpredictable as cracks increase in number and size. It is therefore crucial to avoid tension
cracks. Besides that, the structure is expected to undergo a large number of load cycles.
Fatigue problems can only be controlled, if cracks are avoided.
2.5 Loading Conditions
The general objectives of the systems capabilities have to be transformed into explicit
loading conditions. Explicit in this context does not necessarily mean quantitative.
Qualitative descriptions will be used wherever possible. The aim is to create scenarios that
can be applied to numerous examples without requiring substantial adjustments in the
21
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system. At this stage of system development, it is more important to understand the problems
and to find new ways to deal with them than to perform precise calculations. As mentioned
earlier, the complexity of the problem requires a separation of the key issues. One way of
doing this will be the decomposition of the system into elements. Another way is to separate
loading conditions. Whenever possible, unrelated loading conditions will be dealt with
independently. This will primarily affect the control scheme and to a certain extent the
monitoring scheme. It will be easier to find solutions for each loading condition separately.
Two loading conditions can be used to express the objective of increasing efficiency. The
first one is loss in prestress, which has to be minimized. The other one is the great variation
in total load to the point where a fixed cable tension can only be suitable for either minimum
or maximum load. This loading condition is also part of the objective to create a failsafe
structure. Making the structure failsafe also includes dealing with the failure of a tendon as a
loading condition. It becomes clear that a performance objective might consist of more than
one loading condition and that a loading condition might serve more than one performance
objective.
Concluding from the above findings, the performance objectives (increased efficiency,
failsafe operation) generate the loading conditions of loss in prestress, fluctuating levels of
loads and failure of a tendon. In the following, these loading conditions will be defined and
described more closely. Eventually, it might become necessary to evaluate possible
combinations of these loading conditions.
2.5.1 Failure of Tendon
The objective of making the structure failsafe is closely related with the structure's ability to
deal with the failure of a tendon. The most frequent cause of tendon failure is corrosion.
Other possible causes are overload, fatigue and faulty materials. The structures ability to
compensate for the failure of a tendon has the following implications. Structural reserves
must be available when needed. This is possible when several parallel tendons with the same
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curvature are used. The system must first recognize the failure of a tendon. The control
scheme decides on how to utilize excess capacity in the remaining tendons to ensure the
continuous performance of the system. The actuators implement this action. Easy repair and
replacement of the components is required to maintain the failsafe ability throughout the life
of the structure. This means that tendons must be replaceable.
The system design is based on the assumption that the system is reacting only to quasi-static
load changes. With the failure of a tendon, however, this cannot be achieved directly. Once a
tendon fails, it fails suddenly and rapidly, not leaving much time to react. The system will not
be able to react in a sufficiently short time. It is therefore crucial to detect and identify a
tendon that is about to fail before the failure actually occurs, giving the system ample time to
take the appropriate measures. In addition, the system has to give notice so that the damaged
tendon can be replaced. Between the deactivation of the faulty tendon and its replacement,
the system must exhibit the same level of performance as under normal conditions.
2.5.2 Loss in Prestress
Loss in prestress is caused by slip at anchorages, frictional losses along tendons, creep and
shrinkage of concrete, elastic shortening of concrete and relaxation of the tendons. Although
these sources are unrelated, they all result in the same phenomenon. To minimize their
combined effect, they have to be treated separately. A this point, a note on elastic shortening
seems appropriate. In post-tensioned structures, losses caused by elastic shortening in
concrete occur, when several strands are prestressed sequentially. For the adaptive system,
this is irrelevant since all strands will be controlled individually at all times.
Slip at anchorages is a result of the post-tensioning process. After post-tensioning or
adjusting the prestressing force, the force must be transferred from the prestressing device to
the anchorage. During this process, a slight inward movement of the tendon occurs and the
anchorage itself deforms under stress. The amount of total movement depends on the type of
anchorage. The actual anchorage design will be part of the actuator. "Standard" anchorage
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systems will only be suitable with modification, if at all. However, it is safe to assume that
the same anchorage will always produce the same slip. The actual loss of stress is determined
by the slip divided by the total length of the tendon and multiplied by the modulus. The loss
in short systems will therefore be greater than in systems with long tendons. In this case, the
girder will be long-span and therefore have long tendons. Hence, the overall effect of slip
will be small and can be quantified once the actuator has been designed. Unlike in
conventional prestressed systems in the adaptive system, adjustments in the prestressing
force take place in a range where a slightly higher force can be applied during prestressing.
This is possible because the force is adjusted to the optimum level under current conditions,
not to the ultimate level to deal with all conditions. Therefore, only in extreme situations the
loss in prestress due to slip cannot be compensated for by applying a slightly higher
prestressing force. Nevertheless, this has to be included in the control scheme to be
functional.
Frictional losses account for another portion of loss in prestress. There are two sources of
frictional losses: curvature friction and wobble friction. Curvature friction is induced by
bending the profile of the tendon into the desired shape, wobble friction by misalignment of
the tendon from its intended shape. Frictional losses occur along the tendons decreasing the
prestressing force gradually from the jacking end to the other end of the tendon. For a
straight tendon, there is no curvature friction. The amount of curvature friction depends on
the angular change of the tendon and the curvature friction coefficient. In the case of this
research, the angular change will be small since the profile will have a parabolic shape and
the height of the girder is small in relation to its length. Wobble friction depends on the
length of the tendon and the wobble friction coefficient. As mentioned, both friction
coefficients are low due to the use of unbonded tendons.
Creep and shrinkage are two unrelated factors causing loss in prestress. However, they have
similar effects on the prestressing force and can be seen as a single source of loss in prestress.
Creep and shrinkage cause time-dependent losses. Creep is the shortening of the girder under
constant axial loads over time. Shrinkage is the shortening of concrete from loss of moisture.
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As the concrete contracts, the tendons relax and lose tension. The amount of creep and
shrinkage depends on a number of factors including environmental factors. It therefore
cannot be predicted exactly. As explained earlier, in this application no elastic shortening
loss occurs, since all tendons are controlled individually and can be tensioned
simultaneously.
Relaxation of tendons is an effect similar to creep in concrete. With creep, the stress remains
constant and negative elongation becomes larger. With relaxation, elongation remains
constant and stress decreases. Decreased stress means loss in tension. As creep and
shrinkage, relaxation is time-dependent.
2.5.3 Fluctuating Live Loads
In this context, the term fluctuating live loads refers to loads and conditions that cannot be
predicted and modeled as design loads or loads that exceed design load levels. For the design
of prestressed concrete structures, only a small range of total loads is permissible. The same
physical structure is designed for either high or low load levels, never for both. The challenge
is to make the structure suitable for both loading conditions by adjusting the prestressing
force to the load level. As demonstrated in Figure 4, the prestressing force has a reversing
Stress caused by
Prestressing Force
Total Stress
Axial Force
Prestress
Moment
Load
+
Total Prestress
Total Stress
Figure 4: Stress in Concrete from Prestress and Loads
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effect to the load. It therefore must be adjusted carefully to the existing loads.
The adaptive nature of the system makes loads that are higher than design loads tolerable.
This goes beyond the safety provided by strength reduction and load factors. In the same way
the system deals with loads exceeding permissible levels, it can deal with loads that cannot
be expressed as meaningful design loads. The same procedure applies for gradually
increasing loads as described for the application as a construction method.
As the bottom line, this loading condition can be described as increasing loads for a given
structural system up to the absolute limit that utilizes the ultimate capacity of the system,
without causing any structural damage. It also includes the reversed case of declining loads
below the minimum level required for high prestressing forces.
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3 Sensors and Monitoring Scheme
3.1 Introduction
Sensors and the monitoring scheme conduct the state identification of the system. The
acquired data is then fed into the control scheme, which further processes it. Sensors take
actual measurements at various locations. The monitoring scheme preprocesses the raw data
obtained by the sensors.
To enable the control scheme to decide on an appropriate action, information on the system
state must be available. It is assumed to be impossible to measure loads and determine their
locations directly. The system identification has to rely on data found in the structure itself.
In order to control the performance of the system, stress in the concrete and the force in the
tendons must be known in real-time. The control scheme uses stress as input variables.
Sensors are not able to gather this data directly. The data provided by the sensors therefore
must be processed by the monitoring scheme, which transforms it into information on stress.
Knowledge of the stress state in the structure is important for the control of fluctuating loads
and loss in prestress. To make the structure fail-safe, damages in tendons must be detected
before they cause damage to the structure as a whole. In the following, methods of observing
stress in the structure and detecting damages in tendons are presented. First, data acquisition
and sensor technology is discussed; then data processing and the monitoring scheme are
investigated.
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3.2 Measuring Stress in Tendons
Forces in the tendons can be measured directly at the tendon ends or through fiber optic
sensors integrated in the tendons. Forces in the middle section of the girder will be smaller
due to frictional losses. It has to be analyzed for every individual case, if these losses can be
calculated accurately enough or if the actual forces have to be measured. With the measured
strain and the axial stiffness of the tendon, the axial force can be calculated. A possible defect
in the tendon is assumed not to occur directly at the end, where the measurement is taken.
This assumption is reasonable, since damages are mostly caused by corrosion. Corrosion
occurs first at locations with the smallest concrete cover, which is in the middle of the girder.
The measured stress at the end of the tendon is therefore correct for damaged tendons as
well.
3.3 Detecting Damage in Tendons
A new method to identify damaged tendons in prestressed structures has been developed by
Pure Technologies Inc. of Calgary, Canada [42]. Sensors "listen" to the structure, as breaking
wires in tendons emit sounds. The method is non-destructive and does not interfere with the
behavior of the structure. With this acoustic data, damaged tendons can be spotted. Before
evaluation, the data has to be filtered from background noise present in the structure from
other events such as traffic.
3.4 Observing Stress in Concrete
In the following, several sensors and measurement methods are presented. As explained
before, either stress or strain will be observed. At this point sensor technologies and problems
associated with them will be explained. The integration with the monitoring scheme and in
the system as a whole will be done later as a description of schemes for state assessment.
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3.4.1 Problems of Measuring Stress in Concrete
Stress is difficult to measure directly, especially in concrete. The alternative is to measure
strain and compute the stress from there. Strain in concrete can be measured easily. Using
strain measurements and the stress-strain relation, stress can be calculated. However, there
are several problems inherent to this procedure. The stress-strain relation for concrete is
difficult to establish. Besides that, strain has components, which are not stress-induced and
thus yield misleading measurements. These components may be caused by creep, shrinkage
or temperature effects. Only stress-induced strain is relevant for the control of the system.
The stress-strain relation usually is expressed as the modulus. As demonstrated in Figure 5
the actual stress-strain relation is different from the assumptions made for the modulus. The
stress-strain relation is also a function of concrete strength and of time especially at an early
concrete age. The stress-strain relation based on the modulus is therefore not accurate enough
for exact control purposes.
Calculating stress from strain is not the only problem. Several factors other than stress can
also cause strain. The influence of these factors on strain is explained in the following. A
solution to these problems will be established later on.
FE a
Figure 5: Actual and Assumed Stress-Strain Relations in Concrete
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Changes in temperature cause strain without causing stress. When the temperature of a
structure or an element changes, it expands or contracts. Expansion and contraction are
equivalents of strain. In an unconstrained structure, there is no stress associated with strain. If
expansion or contraction is fully or partly restrained, the inhibited portion of the strain
transforms into stress. Temperature compensation with sensors will be explained later.
Shrinkage causes strain in the concrete without causing stress. Creep causes problems similar
to those caused by shrinkage. Shrinkage is influenced by the concrete mix and by
environmental conditions. Creep is mainly influenced by loads. The magnitude of strain
caused by creep and shrinkage can be much larger than that of stress-induced strain. While
the total strain from creep and shrinkage can be calculated or predicted with some accuracy,
the prediction or calculation of the development of creep and shrinkage over time - although
possible - is not precise enough to yield meaningful results. Since the control system is
supposed to operate during the construction phase, levels of creep and shrinkage are expected
to change greatly. A small error in predicted effects of creep and shrinkage will cause a large,
intolerable error in the prediction of stress-induced strain. It is therefore necessary to obtain
up-to-date information on stress-induced strain directly, not by relying on predictions. During
the first hours after concreting, concrete develops heat, which causes thermal expansion.
Over time, the temperature drops to the level of the surrounding environment. This is called
thermal expansion. Thermal expansion is neither uniform nor can it be measured exactly.
During the first stages of construction, it can greatly disturb the results of strain
measurement.
3.4.2 Strain Gage Sensors
Strain gage sensors are based on changing conductivity in materials when mechanically
strained. This is called the piezoresistive effect. Strain gages are stamp-sized sensors that are
applied externally to the surface of a structure. The components of these sensors are grid,
matrix, adhesive and protective cover. The grid represents the actual sensor element. The grid
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is a resistor material, which is connected to an electrical circuit. The resistivity of the grid is
related to the stress in the grid. It is the sensor output. The resistor materials are metallic or
semiconducting. The most commonly used metals are alloys constantan, nichrome, advance
and karma [15]. As semiconducting material, silicon is used. The matrix, also called carrier,
transfers the strain in the testing object to the grid and provides electrical isolation. The
adhesive couples the strain from the testing object to the matrix. The protective cover shields
the grid from environmental factors and mechanical impact.
Strain gages can be categorized by grid into wire strain gages, foil strain gages, thin- and
thick-film strain gages [19]. Wire strain gages use a metal wire as grid, which is shown in
Figure 6. In foil strain gages, the wire is replaced with a metal foil. Thin-film stain gages
have a vacuum-deposited film of metallic or semiconducting material as grid [19]. Thick-
film strain gages are produced in a complex process, which results in a compact, conducting,
viscous mass on the matrix with a thickness of 20-25 gm.
In civil engineering, wire strain gages are commonly used for lab applications. Their
popularity stems from their easy use, accurate measurement and low cost. However, for lab
applications durability and long-term performance are seldom an issue. Their performance in
these areas is therefore questionable. Another setback is the limitation to external application
only. Strain gage sensors cannot be embedded in the structure, but have to be applied
externally.
Matrix Grid
Figure 6: Wire Strain Gage
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3.4.3 Piezoelectric Strain Sensors
Piezoelectric sensors exhibit a similar schematic design as strain gage sensors. Instead of the
piezoresistive effect, they utilize the piezoelectric effect. The metallic or semiconducting
material in strain gage sensors is replaced with a crystalline material in piezoelectric sensors.
The piezoelectric effect is the generation of an electric charge in certain materials when
strained. These piezoelectric materials are crystal, ceramic and polymeric materials.
Examples of crystals, ceramics and polymers are quartz (SiO2), PZT (lead circonate titanate)
and PVDF (polyvinylidene fluoride), respectively. The material is applied as a film on a
backing layer, which is connected to the testing object to conduct strain. When strained, the
film generates an electric charge. This electric signal is the sensor output. Very simple
sensors generate an output only when subject to a changing stimulus and produce no output
for constant strain.
Piezoelectric sensors appear to be an equally practical solution as strain gage sensors.
However, their price is likely to be much higher. Their advantages over strain gage sensors
have yet to be validated. Nevertheless, they remain a technically viable alternative.
3.4.4 Fiber-Optic Sensors
A relatively new way of measuring strain in concrete structures is the application of fiber-
optic sensors. Fiber-optic sensors have no common operating principle. Their common
>8mm - >5mm 25to 40 nm -
Outer Jacket
KevIar Inner Jacket
Reinforcing Fibres (Tight or Loose) Fibre Buffer
Figure 7: Structure of Fiber-Optic Sensor as in [52]
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feature is an optic fiber through which light is transmitted. The modulation of the light is
measured as the output signal. The structure of a fiber-optic sensor is given in Figure 7.
Fiber-optic sensors can be categorized in a number of different ways, reflecting different
operating principles. Possible categorizations are intrinsic or extrinsic, point, distributed or
multiplexed sensors as well as intensiometric or interferometric. In intrinsic fiber-optic
sensors, the modulation of the light, which represents the signal, happens inside the fiber.
With extrinsic fiber-optic sensors, it happens outside. Measurements along the fiber can be
taken at single location, which is called point sensor. Distributed sensing is the measurement
of the average strain over a certain length along the fiber. The third option is to arrange
several point sensors along a single fiber, which is called multiplexed or quasi-distributed
sensing. Intensiometric sensors use the amount of light transferred through the fiber as the
only variable, with on-off signals being the simplest form. Sensors using more sophisticated
sensing methods are called interferometric sensors. Fiber-optic sensors can be embedded in
the concrete or applied on or near the surface. So-called single ended fibers have to be
accessible from one end only by combining source and reception of light at the same end.
In the following, two frequently used sensor types - fiber Bragg grating sensors and Fabry-
Perot sensors - are presented. Both sensor types are recommended for concrete structures in
[52]. Fiber Brag grating sensors reflect a portion of light, indicating a change in strain by a
shift in the wavelength of the reflected light. The refection is caused by a series of physically
altered, precisely spaced regions in the core of the fiber. This change in physical properties,
the index of refraction in particular, is produced by the application of UV light. The spacing
of the altered regions, called the pitch, determines the reflective properties of the sensor.
Strain causes a change in the pitch, thus results in a different wavelength of the reflected
light. Most of the light, however, is transmitted and can be used for other sensors located
along the fiber. The fact that fiber Bragg grating sensors rely on wavelength as the only
parameter makes them easy to use as they require no calibration. The operating principle of
fiber Bragg grating sensors is shown in Figure 8.
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Optical Fibre Grating Sensor
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Figure 8: Operating Principle of Fiber Bragg Grating Sensors as in [52]
Fabry-Perot sensors feature a gap, called cavity, between two reflecting fiber ends. They use
a white light broadband source to measure a dimensional gap shift. The two fiber ends are
enclosed in a glass capillary for protection. Fabry-Perot sensors can be temperature
compensated or non-compensated. Their operating principles for compensated and non-
compensated versions are shown in Figure 9.
Table I represents a list of desirable characteristics for fiber-optic sensors for strain
measurement in civil structures adopted from [32] and how fiber Bragg grating sensors and
Table 1: Desirable Characteristics of Fiber-Optic Sensors
Characteristics Fiber Bragg Fabry-Perot
Grating Sensors Sensors
linear response 0
single ended
insensitive to thermal fluctuations
temperature compensated
capable of absolute measurement 0 0
nonperturbative to the structure 0 e
immune to power interruption 0 0
able to multiplex
easy to mass produce _
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Fabry-Perot sensors match these characteristics. Other factors such as durability are not fully
known. According to reports, durability has been demonstrated for five years, but not for the
entire life cycle of a structure of 50 or more years [32]. At this stage of product development,
a durability of five year is sufficient.
Summarizing, the advantages of fiber Bragg grating sensors are the possibility of multiplexed
sensors (several sensors along a single fiber) and the lack of a calibration requirement. Fabry-
Perot sensors in contrast can be temperature compensated. They also require no calibration.
Incoming Fibre
Metallic Fibre Cavity Length
Incoming Fibre
Gauge Length-
II
Cavity Length
Micro Capillary
Figure 9: Fabry-Perot Sensors, Compensated (top), Non-Compensated (bottom) [52]
Both sensor types can be embedded in the concrete structure and are available in versions
that withstand the adverse chemical and mechanical environment in concrete for a
sufficiently long period of operation.
3.4.5 Acoustic Emission
Acoustic emission is a method for the direct measurement of stress. If the method proves
workable for this application, it eliminates problems related to strain measurement. A formal
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definition for acoustic emission is "class of phenomena where transient elastic waves are
generated by the rapid release of energy from localized sources within a material, or the
transient elastic waves so generated" [33]. This means, "acoustic emissions are stress waves
caused by sudden release of strain energy resulting in mircoseismic activity within any
material" [28].
Generally, this non-destructive evaluation (NDE) method can be applied for the assessment
of unreinforced, reinforced and prestressed concrete structures. In concrete structures,
acoustic emission is caused by cracking, friction due to aggregate interlock, relative
movements in the interface between concrete and rebar and breaking of wires in prestressing
tendons. The event rate, the rate of acoustic emissions, indicates the current loading condition
of the structure. Besides the event rate, signal strength and waveform are used for state
assessment.
In concrete and many other materials, acoustic emissions only appear upon reloading when
previously applied load levels are exceeded [26]. This phenomenon is called the "Kaiser
Effect". Due to the Kaiser Effect, acoustic emission is a viable means for damage assessment
and estimation of the remaining life of a structure.
Also due to this effect, the quantitative measurement of current elastic stress in concrete is
very difficult. 'Events' from prestressing tendons and rebar cause background noise, which
has to be filtered out, since it does not provide useful information. Acoustic emission in the
concrete itself is primarily caused by cracks, as opposed to other sources mentioned. In
prestressed concrete structures, cracks are avoided by definition. However, on the micro-
level, cracks occur even under elastic compression, but the number and quality of 'events'
relevant for continuous stress monitoring is likely to be small, not to say insufficient.
Currently, acoustic emission is not a suitable method for measurement of elastic stress in
prestressed concrete structures.
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3.4.6 Sensor Distribution
Besides sensor technology, the distribution of sensors is crucial to obtain meaningful data.
Data should be obtained from different locations in several cross-sections of the girder.
Between these cross-sections, data can be linearized. This approximation will reduce the
amount of data to collect and to process without causing a significant error. To minimize the
effect of local influences such as building tolerances and eccentricities, several sensors
should be placed in different but comparable locations. Their output data are then averaged.
3.5 State Assessment
Referring to the loading conditions previously outlined, ways to utilize the data gathered by
the sensors have to be found to assess the current state of the girder. This is done by
identifying the loading conditions. For every loading condition the monitoring scheme uses
the data provided by the sensors for state identification.
3.5.1 Predicting Failure of Tendon
The failure of a tendon must be predicted before it actually occurs. Tendon failures tend to be
sudden and explosive. The system hardware will not be able to react immediately to the
sudden failure of a tendon. Beyond restrains of sensor and data processing technology,
physical limitations make it impossible to reach a sufficiently short reaction time. Actuators
need more time to generate the required forces. A concrete structure would be damaged by
the impact of these forces. If the failure can be predicted in time for the system to react, the
faulty tendon can be deactivated and replaced before the failure occurs.
The steps of the procedure are as follows. Sensors and monitoring scheme identify faulty
tendons before they fail. The control scheme "supervises" the deactivation of these tendons.
Simultaneously, an alarm is triggered to notify a service unit for the replacement of the
tendons.
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To follow this procedure, the monitoring scheme has to identify a faulty tendon. There are
two possibilities to recognize faults in the tendon. The damaged tendon is either detected
directly by the sensors or identified by interpretation of the stress in the tendon with relation
to the stress in parallel tendons.
The direct detection relies on the acoustic sensor technology described before. The data that
the sensors acquire cannot be used directly, since it contains noise. In theory, the breaking of
a tendon is easy to "hear" for the system. In reality, the sensors perceive a lot of background
noise from other events such as road noise. This noise must be filtered out. The remaining
data has to be interpreted to correctly locate the damage in a tendon. For the given
application, the system can record broken wires in tendons and give up-to-date information
on the health of every tendon. With a certain number of defective wires, the tendon should be
replaced.
Alternatively, defective tendons can be identified by concluding from the forces in all
tendons. For this method, the force in the tendons has to be known. To demonstrate the
identification scheme a number of equal-sized, parallel tendons are assumed. All tendons but
one are fully intact. The defective tendon has a lower axial stiffness in some sections than the
other tendons. This results in a lower overall stiffness EA. To match boundary conditions, as
EA, > EA2  EA1  EA1  EA2  EA,
El = for
Figure 10: Model Used for the Detection of Defective Tendons
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all tendons have the same elongation, the axial force in the damaged tendon decreases and
the difference is distributed to the other tendons. A difference in axial force among parallel
tendons implicates damage in the tendon with the lowest axial force, i.e. with the lowest
stiffness. It is assumed that the tendons have their original stiffness in sections where the
strain is measured. The strain measurement is necessary to compute the tendon force. The
underlying model for the calculation of lower axial stiffness of one tendon is shown in Figure
10. A combination of the two methods is also possible as an additional safety net.
3.5.2 Identifying Loss in Prestress
Loss in prestress is caused by time-dependent and by time-independent factors. Sensors to
measure loss in prestress do not exist. However, in some cases it is possible and helpful to
identify the loss caused by a single factor. The factors that were listed and explained before,
namely slip at anchorages, frictional losses along tendons, creep and shrinkage of concrete
and relaxation of tendons, are examined in the following with respect to finding ways to
identify the losses in prestress.
Slip at anchorages is specific for every actuator. It is therefore known for every actuator and
does not have to be identified by the monitoring scheme. It is important to provide the
control scheme with this information.
Neither can frictional losses along tendons be measured directly, nor are they known exactly
as part of the specifications of the system. They can be estimated with a high accuracy. Their
influence can be seen as minor, especially in light of the adaptive control approach that will
be taken for the control scheme. There is always one critical cross-section. The prestressing
force is adjusted to meet the needs of this cross-section. Frictional losses at other non-critical
cross-sections have no negative effects.
Creep, shrinkage and relaxation cannot be identified directly, and they do need not be. As the
control scheme constantly adjusts the prestressing force to the optimum level, it
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automatically compensates for the loss in prestress caused by creep, shrinkage and relaxation.
How this is done, will be explained as part of the control scheme. At this point, it is
important to note that knowledge of the loss in prestress caused by creep, shrinkage or
relaxation as a cause of loss in prestress is superfluous.
3.5.3 Monitoring Loads
Monitoring loads ultimately means monitoring stress. As it has been demonstrated, all
suitable sensors, namely strain gage sensors, fiber-optic sensors and piezoelectric sensors,
Figure 11: Model of Prestressed Concrete Girder with Critical Points
monitor strain. The monitoring scheme has to convert the strain measurements into data
describing stress. There are two parts to this problem, as described earlier. First, the
measured strain has to be reduced to its stress-induced portion, eliminating factors such as
temperature, creep and shrinkage. Then a stress-strain relation for concrete has to be found.
Both parts of the problem have been explained earlier.
Temperature effects can be eliminated by the use of Fabry-Perot fiber-optic sensors or by
comparing the actual temperature to a reference temperature. When temperature
compensated Fabry-Perot sensors are used, no further steps to eliminate temperature effects
are necessary. Otherwise the temperature strain can be calculated and deducted from the total
strain measurement using the temperature difference between the actual and the reference
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temperature and the temperature coefficient. Ideally, a temperature measurement should be
made for each sensor, with the measurement taken as close to the sensor as possible.
Besides temperature other factors cause non-stress-induced strain. For the solution of this
problem, a simplified model is used as shown in Figure 11. All available information is
utilized to formulate a set of equations. With some additional assumptions, the set of
equations can be solved. The girder is assumed to be loaded symmetrically, so that the
critical cross-section is always in the center of the beam. No other cross-section has to be
observed. In this cross-section, top and bottom of the girder show the highest levels of stress
and strain.
Due to prestressing, the concrete is uncracked, thus exhibiting linear behavior. The strain
induced by prestressing is a function of the prestressing force, which is controlled and
therefore known, the geometry of the girder and the shape of the tendon, which are also
known. The distribution of strain over the cross-section is determined by the geometry of the
beam, which does not change. At top and bottom of the girder, strain due to prestressing is
directly proportional to the prestressing force.
Load-induced strain is always distributed over the cross-section in the same fashion, only
depending on the geometry of the girder. Again, the level of strain at top and bottom are
directly proportional to the load, which at this point is unknown. The relation between load
induced strain at top and bottom is constant, regardless of the magnitude of the load.
The level of strain caused by creep and shrinkage is unknown and assumed to be changing
over time. Strain from shrinkage Es is assumed constant over the whole cross-section. It is
calculated as a function of environmental factors over time.
Strain from creep E-c is a function of stress-induced strain and environmental conditions. It
can be calculated from the stress-induced strain multiplied by a factor cf, that incorporates the
history of loads and environmental factors. This factor is unknown and it is demonstrated in
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the following how the factor can be computed. The factor is the same for the bottom and the
top of the girder. F-c can be expressed by Ec = cf (Ep + Ei), where (ap + ei) is the stress-induced
strain. The total strain is measured at top and bottom of the girder. The total strain on top of
the girder e, can be expressed by
Et = Ept + Eli,t + EC,t + ESt (1)
where Ep,t, l,, Ec,t and Est are strain induced by prestress, load, creep and shrinkage,
respectively. The total strain on the bottom of the girder Lb can be expressed by
Eb = Ep,b + EI,b + Ec,b +Es,b (2)
where Ep,b, LI,b, Ec,t and Est are strain induced by prestress, load, creep and shrinkage,
respectively. With the known relation between L1,t and Ei,b and the assumptions for creep and
shrinkage, the set of equations can be solved and the remaining unknowns can be determined.
Replacing Fc, with cf (Ept + l,). Ec,b with cf (Lp,b + 61,b), and substituting ElIt with I g and Ei,b
with 1 gb yields
Et - Ls,t - Ep't = cf Ept + 1 gt + Cf I gt (3)
Eb - Es,b - Ep,b = c Ep,b + l gb + cf l gb (4)
where 1 is representing the level of load; gt and gb are geometry and stiffness factors for top
and bottom, respectively. For a rectangular cross-section gt = gb. For simplification, Et - Es,t -
Ep,t is replaced with a,, Lb - Es,b - Ep,b with a2. Ept with bi, Lp,b with b2, gt with ci and gb with c2 .
The new equations then are
ai = cf bi +1 ci + cf 1 ci (5)
a2 = cfb2+1c2+ cfIc2 (6)
where cf and I are the two unknowns. Solving the equations for cf and 1 yields
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Cf = (ai c2 - a2 c1)/(bi c2 - b2 ci) (7)
1= (ai - cf bi)/(c + cf ci) (8)
Since cl = c2 for a rectangular cross-section, Cf can be expressed as
Cf = (a, - a2)/(b - b2) (9)
For further calculations it is not necessary to compute 1. From here the stress induced strain
can be computed easily by using the afore mentioned equations.
After reducing the strain to its stress-induced portion, the stress has to be calculated. For that,
a stress-strain relation that is both practicable and realistic has to be found. Again, the
assumption of compressive stress and linear behavior is made. In addition to that, it is
assumed that only 40% of the ultimate strengthf, of the concrete will be utilized. According
to [35], then for all practical purposes a linear stress-strain relation can be used. This linear
stress-strain relation is the Young's modulus of elasticity.
It has been demonstrated that it is possible to calculate the stress induced by loads from the
strain measured by sensors. However, the model presented here is only practicable for certain
loading conditions. For more general loading conditions, modifications will become
necessary.
3.6 Evaluation of Sensors and State Assessment Technology
For both sensors and monitoring scheme, practical solutions for state assessment have been
demonstrated. Sensor technology to monitor strain in concrete and the health of prestressing
tendons is readily available or at a very mature development state. Among strain sensors,
fiber-optic sensors seem most suitable. Here, both options, fiber Bragg grating sensors and
Fabry-Perot sensors, have their pros and cons. Very likely, no alternative will serve as a
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better solution for all cases. Individual circumstances and preferences will help select a fiber-
optic sensor. For lab applications, fiber Bragg grating sensors are the better choice. Here,
temperature changes play a minor role, but easy installation, the capability to "multiplex" and
the missing requirement for calibration are important advantages.
For the monitoring scheme, very detailed solutions for the tendon failure and the loss in
prestress have been provided. Clearly, the weak point of the monitoring scheme is
monitoring loads. The presented procedure to calculate stress-induced strain is correct, but
the underlying assumptions might prove unrealistic. In that case, conventional approaches to
estimate the effects of creep and shrinkage would have to be used. These approaches are
provided by EC 2 and DIN 1045 among other codes and in standard works on prestressed
concrete design such as [35].
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4 Control Scheme
4.1 Introduction
The control scheme is the logic unit. It represents the brain of the system. In this chapter
adaptive control systems will be presented. Then some universal ideas for the control of a
prestressed concrete girder are discussed. Finally, a more detailed solution that applies fuzzy
logic control is presented. After having received data on the system state from the monitoring
scheme, the control scheme's function is to determine a way to reach a more desirable state.
From the available data on the current system state, it has to derive useful information to
decide on appropriate action of the actuator. As discussed earlier, it will be assumed that
virtually no current information on loading conditions is available from outside. The input
data is based on the reaction of the girder to the loading conditions. Neither the loading
conditions are known nor can the desirable state be defined exactly. Input and output are
defined by more than one variable. The complexity of this task makes an intelligent system
necessary.
4.2 Adaptive Control Systems
In the following, the most important approaches to adaptive control are presented. An
adaptive control scheme is characterized by the ability to determine a response not based on
predefined algorithms and closely defined models. Three basic approaches to adaptive
control exist:
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Li Neural Nets
o Expert Systems or Knowledge Based Systems
u Fuzzy Logic Systems
A potential additional option is genetic algorithms. As these are not really suitable for
structural control, they will not be covered here. As demonstrated in Figure 12, these systems
overlap. It is therefore difficult to clearly define the systems and compare them to each other.
In addition, the buzzword-like use of terms such as intelligent control, smart structures etc.
further complicates clear-cut definitions of terms. Nevertheless, the underlying ideas and
principles of the adaptive control systems are presented in the following. At this point, no
single solution for the control problem of the prestressed girder will be given. Rather, general
considerations towards the suitability for this application will be made. A detailed example of
a solution based on fuzzy logic will follow later.
Figure 12: Adaptive Control Systems, Adopted from [48] and Modified
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4.2.1 Neural Nets
One way of implementing adaptive control is using neural nets. In this section, the nature and
the origin of neural nets are described, their capabilities and limitations are demonstrated,
and applications of neural nets are discussed.
Neural nets are an attempt to build a computer model of the human brain. Since the brain is
not fully understood, artificial neural nets are an evolving concept. Their structure is similar
to the brain, in that they consist of nodes and connecting elements. An example of the
structure of a neural net is shown in Figure 13. The nodes and connecting elements - called
neurons - are arranged in layers. The basic principle of neural nets is distributed parallel
processing. The connections have weight functions and biases assigned to them. The bias is
added to the sum of weighted incoming signals. Input data is fed into the system through an
input layer and parallel processed by one or several layers of neurons. The last layer is called
the output layer. A neuron is activated by incoming signals. An activated neuron sends a
signal to the next layer, where the next neuron is activated. The signals are weighted and
H
H
0
H
H
0
H
0
0
1. hidden layer 2. hidden layer
Figure 13: Example of a Neural Net with two Hidden Layers
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combined in the process. That way, the output signals are finally produced. Neural nets have
the ability to learn from examples. This training changes the weights and biases of the
connections.
Neural networks have a vast number of applications. Their ability to deal with non-linearity
makes them a powerful tool in many areas. These include classification problems, speech
recognition, image processing, expert systems, modeling, control, robotics, finance,
insurance and optimization. This list is not meant to be complete. Its purpose is to
demonstrate the diversity of applications. Neural nets can be used to model systems for
which no accurate or complete model exists. Non-linear systems pose no problems to neural
nets. They can also be trained to use incomplete or even contradictory input data. The effects
of noise in the input data can be eliminated or minimized with the use of neural nets.
Thorough proper training they can exhibit a low error rate. On the downside, training of
neural nets is a difficult and time-consuming task. Training usually takes place by feeding
examples into the system. The network then starts adjusting the weight functions and biases
using the error between the desired and the actual output for each example. This process is
called supervised learning. Adaptation of weights and biases can also happen through
unsupervised learning. The system is then told, if the output is desirable or not. However,
there is no input from outside for the training of the system.
Thanks to training, neural nets can be used for systems for which no precise model exists.
Time-consuming and difficult fine-tuning simply can be replaced by training, at least in
theory. Despite the many advantages of neural nets that are provided through the training
features, there are some problems. The system has to be trained as part of the operation. This
means that errors during the training phase must be tolerated at least to some extent.
Alternatively, a set of examples with desired outputs is required. Sometimes these example
are not available or difficult to formulate. Furthermore, it can be difficult to determine the
optimal number of training cycles, as there is a danger of overtraining. Knowledge from an
existing knowledge base cannot be imported into a neural net. It can only be utilized by
formulating a set of examples. Similarly, it is impossible to extract the knowledge gathered
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through training into an external knowledge base. For this reason, neural nets are often
referred to as a "black box". Usually there is no specific meaning associated with a single
neuron, but the system functions as a single entity.
There are two possibilities for the operation of the system, namely feed forward neural
networks and recurrent neural networks. Feed forward neural nets have no feed back of any
kind. Recurrent neural nets have one or more feed back loops. A feed back loop is necessary
for control applications and dynamic systems.
Neurons possess different signal types. Signal types can be pulse frequency coded,
continuously variable through time, or discretely variable through time. Pulse frequency
coded means the signal strength is constant with the frequency of the signal changing over
time. This most closely resembles natural neural nets such as the human brain. This signal
can be viewed as digital, since it can only be either on or off. It assumes no other output
values than one or zero. If the signal is continuously variable over time, the output value
represents the level of activation of the neuron. In a signal that is discretely changing the
level of activation is represented by a change in output. Continuously and discretely variable
signal types have real values as output. They are not restricted to one or zero.
Besides different learning modes and feed back features, there are different activation
functions for the neurons. The activation function determines when and which signal a
neuron sends. The activation function is data processing by the neuron. The activation
function is related to the signal type of an individual neuron. Processing the incoming signal
- usually from other neurons - the neuron sends a signal itself. The signal type received and
sent must be compatible with the activation function. If the signal is a real value as in
continuously or discretely variable signals, the activation function including the signal
combination is different from that of a neuron using pulse coded signals. In civil engineering,
neural nets can be used for damage detection, geomaterial or structural modeling, contractor
pre-qualification or structural control, just to name a few. When applying neural nets to
structural control as in the proposed system, it is always referred to as active control. An
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error between a desired state and the actual state is identified by the system. To correct this
error external energy is supplied. The advantage of neural nets for the control the external
energy supply is their ability to deal with the uncertainty of complex models that is inherent
to civil structures, which many times are non-linear systems. Since it is difficult, sometimes
impossible, to find exact mathematical expressions for the behavior of civil structures,
conventional control approaches such as acceleration, velocity and displacement feed back
control often are insufficient. Furthermore, their robustness to noise and their learning
abilities make neural nets well suited for structural control applications.
4.2.2 Knowledge-Based Systems and Expert Systems
There are no universal definitions for the terms describing these systems. Here, knowledge-
based systems and expert systems will be used interchangeably. An expert system is defined
in [11] as "a computer program designed to model the problem-solving ability of a human
expert". Among other applications, expert systems are used for control and monitoring.
Expert systems contain a knowledge base, a working memory and an inference engine. These
elements interact as shown in Figure 14. Conventional systems also contain knowledge of
Figure 14: Expert System as in [11]
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some form. However, what sets expert systems apart from other systems is the separation of
inference engine and knowledge base. The knowledge, or parts of it, can be changed without
effecting the inference engine. Conventional programs use algorithms as inference engine
and knowledge base simultaneously. The knowledge is embedded as part of the system
structure. This makes it difficult to revise the knowledge base only.
Expert systems work by accessing a knowledge base, hence the name knowledge based
systems. The knowledge base contains the knowledge and experience of an expert. A
knowledge base is defined in [11] as "part of an expert system that contains the domain
knowledge". The knowledge can be a collection of facts, heuristics, rules or any other form
of expert knowledge. The different types of knowledge are structured as in Table 2. In this
application, the knowledge base contains rules for the control of the prestressing force as a
function of loading conditions.
The working memory is defined by [11] as "part of an expert system that contains the
problem facts the are discovered during the session". The working memory represents the
input data. For the control of the prestressed girder, the working memory is the information
on the current system state.
Table 2: Types of Knowledge as described in [11]
Types of Knowledge
Procedural Rules
Knowledge Strategies
Agendas
Procedures
Declarative Concepts
Knowledge Objects
Facts
Meta-Knowledge Knowledge About the other Types
of Knowledge and How to Use Them
Heuristic Rules of Thumb
Knowledge
Structural Rule Sets
Knowledge Concept Relationships
Concept to Object Relationship
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The inference engine applies the knowledge from the knowledge base with the information in
the working memory and creates conclusions as an output. The inference engine is defined in
[11] as a "processor in an expert system that matches the facts contained in the working
memory with the domain knowledge contained in the knowledge base, to draw conclusions
about the problem". For the given case, the actuator receives orders, which are the
conclusions drawn by the inference engine. Expert systems use "crisp" knowledge. A rule
applies or applies not. Pure expert systems cannot deal with knowledge and situations that
are vague or fuzzy. Systems that have this ability are usually called fuzzy logic systems.
These systems are described separately in the following. Pure expert systems work very well
for rough decision-making and categorization, but are often ill suited for problems that
require exact numbers as an answer. These problems can be dealt with through fuzzy logic
systems.
4.2.3 Fuzzy Logic Systems
After having discussed neural net and knowledge-based systems, fuzzy logic systems are
presented as the third type of adaptive control systems. Again, the fundamental ideas,
capabilities, and limitations as well as examples of applications of the system are explained.
Fuzzy logic systems can be seen as a form of expert systems. They are sets of rules, which
describe simple input-output relations. The special aspect of fuzzy systems is that the
boundaries of rules are not sharp but fuzzy, hence the name. The areas and relations of the
rules are defined by membership functions. The membership functions represent definitions
of fuzzy terms such as big, quickly, etc. From the membership functions and the input data
weighting functions can be derived. The weighting functions determine the strength of each
rule. The final system response is then calculated as the sum of weighted and normalized
output of each rule. A feature of fuzzy systems is that rules and membership functions can be
modified separately. Rules are changed when logic is to be changed; membership functions
are changed when the areas of fuzziness are to be changed.
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Fuzzy logic systems are an application of the fuzzy set theory developed by Lofti A. Zadeh
in 1964. The concept of fuzzy sets is based on the idea of partial membership in a set. In
classical set theory, an element is a member of a set or not. In fuzzy set theory, partial
membership in one or more sets is possible.
Today, fuzzy logic applications can be categorized into two main groups, namely control and
decision-making. Examples for fuzzy logic control are in chemical plants, appliances and
home entertainment, air-conditioning, elevators, transportation systems and automatic
transmissions in automobiles. For decision making fuzzy logic is used in securities trading,
finance and pattern recognition, just to name a few applications.
The capabilities of fuzzy logic systems lead to a number of advantages over conventional
"crisp" control systems. Fuzzy logic control resembles the reasoning and decision-making of
a human controller. The human controller uses simple rules based on observation and
experience. In contrast to "normal" expert systems, these rules are processed using
approximate reasoning. A full understanding of complex or nonlinear system is not
necessary. Functioning according to the same principles as a human controller, fuzzy logic
control systems can be used for the control of complex, nonlinear systems. They do not need
a precise model of the system. They can also process vague ("fuzzy") input data and have the
ability to deal with noise. Furthermore, they are easy to design. On the downside is the trade-
off between cost and precision. This means, if very precise results are necessary the cost of
fuzzy logic systems tends to be very high. Other disadvantages are the comprehensive
simulation and fine-tuning necessary to reach a certain level of precision. This problem can
be solved by using hybrid systems that combine fuzzy logic systems with neural nets. These
systems are presented later in this section. In the following, the basic elements of fuzzy logic
systems and their interaction are explained. At some points, an air-conditioning system
controlling temperature and relative humidity will be used as an example for demonstration
purposes. The basic elements are linguistic terms and fuzzy sets, fuzzy rules, fuzzy matching,
inference, combination and defuzzification.
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Linguistic terms are described by fuzzy sets. In the air-conditioning example, linguistic terms
are terms such as "warm", "cold" and "humid". A fuzzy set allows gradual membership. In
classical set theory, an element is either a member of a set or not. A classical set for a
"normal" temperature could be temperatures between 20'C and 22'C. However, someone
regarding 20'C as normal certainly also regards 19.99'C as normal, which is not included in
the set of "normal" temperatures. Using a fuzzy set, temperatures between 20'C and 22'C
can be assigned a value of 1 for the membership function g, meaning full membership.
Temperatures between 18'C and 20'C and between 22'C and 24'C have partial membership,
assuming values between 0 and 1 for g. A temperature of 19.99'C is consequently assigned a
value very close to 1. Fuzzy sets are sets that have a transition zone where g can assume
values other than 0 and 1. The definition of fuzzy sets is quantitative. Fuzzy sets are defined
by membership functions. Examples of a classical and a fuzzy set are shown in Figure 15.
Fuzzy rules closely resemble IF-THEN rules that are used in conventional control schemes.
The difference is that fuzzy rules involve linguistic terms, which means fuzzy sets. An
Classical Set Fuzzy Set
1 - -1 -
20 22 [C] 18 20 22 24 [ c]
Figure 15: Classical and Fuzzy Sets for "Normal" Room Temperature
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example for a fuzzy rule can be:
"IF temperature is "cold", THEN adjust inflow valve of hot air to "high"."
In conventional control algorithms, a rule either applies or does not apply, because the
condition stated in the IF part of the rule is either fulfilled or not. When fuzzy sets are used,
this condition can be fulfilled, partially fulfilled or not be fulfilled at all. Consequently, the
rule applies in full, partially or not at all. Other rules of the same category may also apply
partially.
Fuzzy matching determines to which degree the condition of the rule is matched by input
data. If the input data is only one variable, the matching degree is equal to the degree of
membership of the variable in the fuzzy set in the condition. Going back to the example, the
matching degree of a rule containing the linguistic term "normal" is equal to 0.5 for a
temperature of 19'C. For conditions containing two or more variables, the matching degree
must be calculated from the degrees of membership of all variables. A rule using two
variables is:
"IF the temperature is "warm" and the humidity is "high", THEN..."
A given temperature and humidity have matching degrees for the sets "warm" for
temperature and "high" for humidity. Naturally, the two matching degrees of the input
variables are unrelated and not identical. For the matching degree of the rule, usually the
lowest value of all matching degrees of input data is used. Another possibility is to use the
product of all matching degrees of input data.
Based on the matching degree of the rule a conclusion has to be found. This process is called
inference. Rules can have a crisp or fuzzy consequent. An example for a fuzzy consequent is
"high" for the adjustment of the inflow valve of hot air. "100%" is the crisp consequent for
the same example.
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There are several inference methods for fuzzy consequents, with the most important ones
being clipping and scaling. Other inference methods are generalized modus ponens,
approximate analogical reasoning (AAR) and Systeme de Propagation de l'Impr6cis et de
Membership Function
of Consequent
Inferred Conclusion
(clipped)
Matching Degree: 0.5
- -------------------- ------ 0.5 - -
y
Figure 16: Clipping Method
Membership Function
of Consequent
Inferred Conclusion
(scaled)
jl
Matching Degree: 0.5
--------------------------- 0.5
y y
Figure 17: Scaling Method
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l'Incertain (SPII), which means propagation system of imprecision and uncertainty. Here
clipping and scaling are presented as a method by Whalen and Schott. Later the other
methods are outlined briefly. A crisp consequent usually is simply multiplied by the
matching degree to be equal to the conclusion. With the scaling method, the membership
function of the consequent is scaled by the matching degree. The clipping method cuts off
portions of the membership function exceeding the value of the matching degree. Clipping
and scaling methods are shown in Figure 16 and Figure 17, respectively.
Due to partial membership of input data, often more than one fuzzy rule applies. In this case,
the conclusions of the rules have to be combined. Combination of inferred conclusion usually
is done by superimposition, as shown in Figure 18.
Conclusion Rule 1
I'
y
Conclusion Rule 2
Combined Conclusion
y
Figure 18: Combination
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Depending on the system, sometimes a crisp output is necessary. The combined and inferred
conclusion then has to be defuzzified. For this, again, there are two methods available: the
Mean of Maximum method (MOM) and the Center of Area method (COA) [60]. Using the
Mean of Maximum method, all but the maximum values are ignored. Then the mean of these
values becomes the defuzzified conclusion. The Mean of Maximum method is shown in
Figure 19.
With the Center of Area method, the membership function is divided vertically, so that the
area of the section on one side of the division line is equal to the area of the section on the
other side of the division line. The defuzzified conclusion then is the division line. The
Center of Area method is shown in Figure 20.
The generalized modus ponens is a variation of the classic modus ponens [3]. The classic
modus ponens implies that, if p is true, and "if p is true, then q is true" exists as a rule, then q
is true. The classic modus ponens only deals with "true" or "false" conditions. The
generalized modus ponens combines the classic modus ponens with fuzzy reasoning, where
partial matching is possible. Besides that, the generalized modus ponens does not require an
exact match of the stated condition to infer a conclusion. The generalized modus ponens is
the underlying principle of many inference methods. It is not seen as an inference method
itself.
Mean of Maximum Center of Area
1 - 1 -
Defuzzified Defuzzified
Output Output
Figure 19: Mean of Maximum Method Figure 20: Center of Area Method
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AAR was described by Turksen and Zhong [3]. It is an inference method that is very close to
the method presented here. The main difference is that rules are used only, if their matching
degree exceeds a preset value. This value determines how many rules will actually be used.
SPII was described by Lebailly, Martin-Couaire, Dubois and Prade in several publications
[3]. SPII used a number of inferences schemes based on the generalized modus ponens for
certain facts and rules. For uncertain facts and rules, it uses other inference schemes. SPII is a
very powerful tool to deal with uncertainty of rules.
A variation of fuzzy logic systems are neuro-fuzzy systems. These systems combine fuzzy
logic with neural nets. They are also called "fuzzy-neural" systems [23]. They can be seen as
fuzzy logic systems that use a neural net learning technique or as fuzzified neural nets.
Neuro-fuzzy systems are structured similarly to neural nets in layers using nodes and
neurons. Formally, there are only slight differences to the structure of pure neural nets.
Looking at the flow of information and processing of data, however, neuro-fuzzy systems
behave very much like fuzzy logic systems. Formally, the main distinction to pure neural nets
is that inputs, weights and biases are expressed as fuzzy sets in neuro-fuzzy systems. In the
following, it is explained how neuro-fuzzy systems resemble the structure of fuzzy logic
systems in terms of data processing. While neural nets use a black box approach, the nodes
and neurons in neuro-fuzzy systems are assigned specific functions of the fuzzy logic system.
For example, the first layer describes membership functions of input variables. Other layers
reflect the rule structure of the underlying fuzzy logic system. Therefore, there are usually
not more than two connections from a node in one layer to nodes in the next adjacent layer,
as a rule rarely has more than two input variables.
The operation of the fuzzy logic system is reflected in the operation of the layers. One layer
performs one operation only, which is different from the operation performed by other layers.
As described in [60], these operations are structured as follows:
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1. Computation of the matching degree input variables.
2. Computation of combined matching degree for rules using several variables.
3. Computation of the conclusion inferred by a rule.
4. Combination of the conclusions of all fuzzy rules.
Including input and output layers, this leads to a structure of five to six layers as opposed to
two to three layers in pure neural nets. The general idea of combining fuzzy logic and neural
nets has been demonstrated. Summarizing, it can be stated that neuro-fuzzy systems formally
are neural nets, but behave much more like fuzzy logic systems.
4.2.4 Common Features of Adaptive Control Systems
The adaptive control systems described above partly overlap, as stated before. They have
different backgrounds and they are based on different ideas. These ideas have led to very
similar results, hence the overlap of systems and the large number of similar features. All of
the systems mentioned here simulate human reasoning and behavior. This is the reason for
the common features that can be found in these systems.
None of the control systems require a full-blown model of the system that they are
controlling. Therefore, they can be used to control complex systems, for which no precise
models can be built. Instead of precise models, they rather make use of empiric data and
heuristics. Because no precise model is required these systems usually can deal with
incomplete, inaccurate or contradictory input data.
4.3 Control of a Prestressed Concrete Girder
Having summarized the features of adaptive control systems, it becomes clear that these
systems are suitable for structural control applications, such as a prestressed concrete girder.
For the given case, fuzzy logic control seems to be ideal. Fuzzy logic systems are easy to
design since they are based on rules a human operator would use. Once they have been set
60
Chapter 4 Control Scheme
up, fuzzy logic control systems require a lot of refinement. For demonstration purposes, a
simplified model will be used here. As stated before, the loading conditions defined earlier
will be treated separately. An independent solution for the control scheme will be provided
for failure of tendon, loss in prestress, and fluctuating loads.
Since the system is adaptive, it functions like a machine, not like a passive structure. It is
therefore necessary to determine how the system operates. The adaptive system will work
according to the following scheme. First, it has to identify its state. Then it decides on the
right action. Finally, it acts according to this decision. In order to be adaptive, the system
must make decisions not based on traditional algorithms, but by using a "smart" system,
fuzzy logic in this case. However, not all parts of the control scheme have to be fuzzy logic
based. Some parts can incorporate conventional control algorithms.
The same operational procedures will be used for all three loading conditions. To identify the
state of the system, input data is required. Here, the task is to determine which information is
necessary and helpful, and how it can be obtained. This does not only include sensor
technology, but also requires a solid understanding of the system to interpret the information
and draw conclusions as to its state. Regardless of what has been stated about sensors before,
the availability of input data is taken for granted for all loading conditions. Here, only the
control scheme is a matter of discussion.
4.3.1 Control of Failure of Tendon
Failure of a tendon has been described as a loading condition earlier. The control scheme
must decide on an appropriate action once the failure of a tendon has been detected by the
monitoring scheme. The failure of a tendon occurs suddenly. However, a damaged tendon
can be identified before failure occurs. This process has been described earlier as part of the
monitoring scheme. For the control scheme, it is assumed that a tendon that is likely to fail is
identified before it actually fails, so that the system has ample time to react. Besides time, the
system needs additional prestressing capacity in other tendons. The prestressing force in the
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failed tendon has to be transferred to the remaining tendons. For this loading condition, the
task of the control scheme is to deactivate a faulty tendon, so that it can be replaced without
interrupting the "operation" of the girder. Deactivation means other parallel tendons
temporarily fulfill this tendon's function. In order to do this, two conditions have to be
fulfilled. The sum of the forces in the tendon must be same before and after deactivation and
the resultant of theses forces must be at the same location before and after deactivation. The
first condition ensures that the overall compression force on the concrete remains the same.
The second condition ensures that out-of-plane bending is avoided. Using mechanics, the two
conditions can be expressed as:
E Fi,o = E Fi,n (10)
E (Fi,o x di) = E (Fi,n x di) (11)
where Fi,o and Fi,n are the forces in tendon i before and after the change, respectively, and di
is the distance of tendon i to a given point for moment equilibrium.
These two conditions can be fulfilled by calculating the appropriate force in each of the
remaining tendons. For this, an example with four parallel, identical and equal-spaced
tendons is used as shown in Figure 21. First, tendon No. 3 is assumed defective. For this
case, the forces in the remaining tendons are computed. Then, the same is done assuming
tendon No. 4 is defective. Besides the two conditions that must be fulfilled, a further
objective is provided. The maximum force in any remaining tendon should be as small as
possible. Limiting the magnitude of the force has several advantages. The capacity, i.e. the
1 2 3 4
Figure 21: Sample Configuration for Cross-Section with four Tendons
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Figure 22: Tendon Forces before Deactivation of any Tendon
size of the tendon, is optimized and the distribution of the prestressing force over the cross-
section is smoother by cutting peaks. The end anchorage of tendons, which is determined by
the maximum tendon force, can also be designed more efficiently.
The forces in the tendons are called F1, F2, F3 and F4 and d is the distance between the centers
of the tendons. Initially the forces are arranged as shown in Figure 22. Before deactivation of
tendon No. 3, the force in each tendon is equal to F. The resultant of the four forces is located
in the center between F2 and F3 and has the size 4 F. For the first example with F3 = 0 the two
conditions can be written as:
F, +F 2 +F 4 = 4F (12)
F2 x d + 3 F4 x d= 4 F x 1.5 d (13)
Since there are three unknowns and only two equations, the solution can be optimized
towards minimizing the peak force. As every structural system differs with the location and
number of tendons, there is no general approach for optimization. An individual solution has
to be found for every case. Applying this condition, the solution in this case is
F1  F2  F 3  F 4
F 1.5 F 0 1.5 F
This is demonstrated in Figure 23. Obviously, both conditions are fulfilled. The increase of
50 % in tendons No. 2 and No. 4 seems substantial and it is. However, equally distributing
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the force to the remaining tendons means a 33.3 % increase, not much lower than the
achieved 50 %. Using the same procedure, for the deactivation of tendon No. 4 the conditions
are:
Fi+ F2 +F 4 = 4 F (14)
F2 x d + 2 F3 x d = 4 F x 1.5 d (15)
The final distribution then is:
F 1  F 2  F 3  F 4
0 2F 2F 0
The distribution of forces is shown in Figure 24. Tendon No. 4 becomes superfluous. In this
case, the force in tendons No. 2 and No. 3 increases by 100 % as opposed to the theoretical
minimum increase of 33.3 %.
From this example, general guidelines for the design of the girder can be derived. It is a
common design practice to design for the failure of one of several parallel elements. This is
also true for tendons. Obviously, the failure of one tendon can be compensated for more
easily, if the total number of tendons is large. This is true in terms of average increase in
d d d
I I I
F3 = 0
F
F1 = F F2 = 1.5 F
F
F4 = 1.5 F
Figure 23: Tendon Forces after Deactivation of Tendon No. 3
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force per tendon as well as for a smoother distribution of the prestressing force to avoid out
of plane bending. The given example is very good for demonstration purposes. However, in
an actual structure the number of tendons should be higher. With a higher number of tendons
the options for a feasible solution become more. The number of conditions does not increase
with the number of tendons. Optimization towards the lowest peak force will therefore yield
better results, but will also be more complex.
For a given case, equations with the optimal solution for the deactivation of each tendon can
be predefined and included in the control scheme. Since optimization is easy to carry out for
this loading condition and adequate data is available, no adaptive control is necessary here.
The system can be designed for the simultaneous failure of two tendons. This requires
additional redundancies in prestressing capacity and a greater number of tendons. The control
scheme applies the same principles as it does for the failure of a single tendon. The scenario
of the simultaneous failure of more than one tendon is highly unlikely, since the idea is to
detect damaged tendons early and immediately replace them.
d d d
I I I I
F, =0
F2 = 2 F
F4 =0
F3 = 2 F
Figure 24: Tendon Forces after Deactivation of Tendon No. 4
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4.3.2 Control of Loss in Prestress
To improve efficiency, the control scheme has to eliminate or minimize loss in prestress.
Again, the loss will be split up according to what causes it. These causes are slip at
anchorages, frictional losses, creep, shrinkage and relaxation.
The slip at anchorage, as described before, depends on the type of actuator used. It is
therefore known once the actuator has been designed or selected. The control strategy is to
apply a greater than needed prestressing force. The excess portion of the prestressing force is
eliminated through the slip at anchorage. The required excess force is constant, independent
from the magnitude of the desired prestressing force. Every time the control scheme orders a
change, it adds this constant to the value of the calculated desired prestressing force. The
actuator then applies the total force with the excess portion "disappearing" due to slip at
anchorage. The constant can be calculated using the length and the axial stiffness of the
tendon and the expected slip at the actuator. The additional force AF can be calculated by:
AF = Al/L x EA (16)
where Al is the slip at anchorage, L the length of the tendon and EA the axial stiffness of the
tendon. The control scheme must ensure that the applied peak force does not exceed the
ultimate allowable prestressing force. This however is likely to never be the case.
There is no way to actually eliminate frictional losses along the tendons. As mentioned
before, due to the use of unbonded tendons and the shape of the girder the influence of
frictional losses is likely to be low. It is important to be aware that only a part of the
prestressing force acts as a compression force on the concrete. The rest of the force is lost to
curvature and wobble friction. This fact has to be incorporated into the control scheme.
Conventional assumptions using friction coefficients, angular change and length of the
tendon to compute curvature and wobble friction are sufficiently accurate.
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The effects of creep, shrinkage and relaxation will be compensated automatically by the
control scheme. The control scheme constantly compares the actual prestressing force to the
desired one for the given loads. If the prestressing force slowly drops over time caused by
shortening of concrete and relaxation of tendons, the control scheme will order the actuator
to set the force back to the desired level.
Splitting loss in prestress into its components, makes this complex issue controllable. Despite
the fact, that not all losses can be eliminated, the control feature significantly improves
efficiency. Again, conventional algorithms are able to perform the control of this loading
condition accurately and sufficiently.
Figure 25: Structural System for Fuzzy Logic Control
4.3.3 Control of Fluctuating Live Loads
The control of fluctuating live loads represents the real issue of structural control. While
other issues must be addressed as they represent important engineering problems, the control
of fluctuating live loads is the very core of the idea of adaptive prestressing. This idea is
discussed thoroughly in the following. This is done by designing a fuzzy logic based control
scheme for an example girder. First, the problem is defined. Then a fuzzy logic approach is
used to create an example for a solution. At this point, a simplified example is presented.
Some assumptions may seem unrealistic, but they are necessary in order to keep the design
process focused on basic control issues. Otherwise, side issues would dominate the design
before actual problems can be solved. The objective is to demonstrate the functionality of
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fuzzy logic for structural control applications. Starting with this simple example, the control
scheme later can be extended to perform tasks that are more complex. As a further
development of the control scheme, more than one cross-section can be monitored and
controlled. The control scheme then has to identify the critical cross-section at any given
time. Through this feature, the system will be able to deal with more loading conditions. At
this point, the following assumptions are made:
o No frictional losses along the tendon occur. The prestressing force at the mid-span cross-
section is equal to the tendon force at the actuator.
u A single tendon is sufficient for prestressing.
o The concrete cross-section is a full rectangular block.
u Load and material factors are not included.
As the system is supposed to be adaptive, one of the three system types described earlier
should be used. For several reasons, the fuzzy logic approach appears to be most suitable for
this specific problem. The greatest advantage of fuzzy logic is the easy formulation of rules.
For expert systems, rules can also be formulated easily, but expert systems that do not use
fuzzy reasoning require quantitative rules. Fuzzy logic systems do not have this problem.
Neural nets require either a good model for simulation or intensive training. Neither one can
be provided in this case. Overall, fuzzy logic control appears to have the most advantages
and the least disadvantages. To find an actual solution, the problem and the physical system
must be defined. The structure is a single-span, simply supported beam under uniform
continuous loads. This configuration makes the girder a symmetric problem. The shape of the
Figure 26: Cross-Section
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tendon will follow the curvature of the moment diagram under continuous loads. The tendon
will end in the centerline of the girder, as shown in Figure 25. This way, there is only one
critical cross-section. This cross-section is shown in Figure 26.
Matlab Fuzzy Toolbox was used to program the control scheme. The structure of the control
scheme is shown in Figure 27. The performance of the control scheme was monitored
through a simulation. The physical system was modeled using a Microsoft Excel procedure.
Figure 27: Structure of Fuzzy Logic Control Scheme
A cross-section with a height of 60 cm was chosen as the structural system. For this example,
the location of the prestressing force was set to be 15 cm below the center-axis of the cross-
section. The purpose of the simulation is to demonstrate that the control scheme has the
ability to function as planned. The example is not meant to be fully operational. To achieve a
fully functional system intensive fine-tuning is necessary. This is beyond the scope of this
research.
When designing the control scheme, input and output variables have to be defined. Input
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Figure 28: Rules of the Fuzzy Logic Control Scheme
variables are stress in concrete. The output variable is change in cable tension. In this case,
the critical points in the concrete are at the very top and the very bottom of the girder in the
critical cross-section. These variables are also the performance measures.
The operation of the system will resemble a human operator. Once the stress at either point
approaches a critical value, the appropriate counteraction is taken. For this process, simple
rules can be formulated. The monitoring scheme observes stress at the two critical locations
relative to the permissible range. The minimum permissible compressive stress is defined as
0%, the maximum permissible compressive stress as 100%. If the stress is somewhere near
the center of the permissible range, no action is taken. If the stress drops below or rises above
the center area of the range, a correctional action is required. For values approaching either
extreme of the permissible range, a more severe action is implemented.
The structure of the rules is shown in Figure 28. The left column represents the current stress
at the top of the girder, the center column the stress at the bottom of the girder. These two
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Figure 29: Membership Functions of Compressive Stress
numbers are the input variables. The output is given in the right column as the combination
of the inferred consequents of all rules. The output value provides direction and magnitude of
the necessary change in the prestressing force. The change in prestressing force is the
difference between the present value of the prestressing force and the more desirable one of
the two extreme values multiplied by the output value of the fuzzy rules. The fuzzy sets for
the input variables are shown in Figure 29. The output membership functions are given in
Figure 30. The rules are listed in the following.
top = T10, THEN prestress = LD
top = T25, THEN prestress = SD
top = TMR, THEN prestress = NA
top = T75, THEN prestress = SI
top = T90, THEN prestress = LI
IF bottom = B 10, THEN prestress = LI
IF bottom = B25, THEN prestress = SI
IF bottom = BMR, THEN prestress = NA
IF bottom = B75, THEN prestress = SD
IF bottom = B90, THEN prestress = LD
where "top" and "bottom" are stress at top and bottom of the girder, as the input. "prestress"
is the change in the prestressing force, as the output. T10, T25, TMR, T75, T90, B1O, B25,
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Figure 30: Membership Functions of Change in Prestressing Force
BMR, T75 and T90 as well as LI, SI, NA, SD and LD are the membership functions of the
input and output variables, as defined by the fuzzy sets.
Finally, the sample data of the simulation is analyzed. The results of the simulation are
shown in Figure 31. The underlying data is provided in Table 3. With one exception, all
values are within the permissible range. If the stress at the two locations is identical as in
examples 1 and 2, the optimal prestressing force has already been found. Then the system
correctly remains in the current position. Example 5 demonstrates how the system achieves a
more desirable position with the first step and then does not make any further changes. In
example 4 the first step is also a major change. The next steps exhibit stabilization in the
region of the outcome of the first step. However, the changes after the first step are more
significant than in example 5. Response time was not an issue in this example. When
structural control is to happen in real time, response time is a key performance factor.
Problems of real time control are recognized to lie with actuator technology and the structural
system, not with control system software. Summarizing, the performance of the control
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Figure 31: Test of Control Scheme
scheme can be seen as acceptable, although the level of refinement must be improved
significantly for an actual application. The general capability of the fuzzy logic control
approach has been demonstrated.
Example 1 top
Example 1 bottom
Example 2 top
Example 2 bottom
Example 3 top
Example 3 bottom
Example 4 top
Example 4 bottom
Example 5 top
Example 5 bottom
Step
Table 3: Test Data
0.9000 0.9000 0.9000 0.9000 0.9000 0.9000 0.9000 0.9000
0.9000 0.9000 0.9000 0.9000 0.9000 0.9000 0.9000 0.9000
0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000
0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000
0.0000 0.2100 0.2115 0.2130
1.0000 -0.0500 -0.0577 -0.0649
0.1000 0.2413 0.2230 0.2577 0.2145 0.2822 0.1413 0.2463
0.9000 0.1938 0.2849 0.1116 0.3277 -0.0112 0.6934 0.1686
0.9000 0.8153 0.8146 0.8137 0.8126 0.8112
0.5000 0.9238 0.9272 0.9315 0.9370 0.9441
1 2 3 4 5 6 7 8
CeCeCe
---------- -........
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5 Actuators
5.1 Introduction
Any change in the prestressing force has to be executed by an actuator. In order to design a
completely new system, a device to control the prestressing force is necessary. Devices to
tension cables already exist. As actuators will be used in a different way, these devices are
not suitable. Therefore, other actuators have to be considered and evaluated. New ways to
generate and apply forces have to be found. Actuators can be either conventional devices that
are modified for this application or newly developed devices that use a different technology.
In this research, no new design or modification of an existing design of actuators will be
done, since this is a task of mechanical engineering. The problem will be dealt with in the
following way. First, specifications for the actuator will be defined. The desired performance
and capabilities will be described. Then, fundamental operating principles such as hydraulic
and electrical systems will be described and evaluated. Finally, some considerations
regarding the design of the anchorage and the integration of the actuator into the girder will
be made. This includes service, reliability and durability related issues.
5.2 Problems of Conventional Prestressing Devices
Hydraulic jacks are the most common conventional prestressing devices. They are mounted
directly at the end of the girder. However, hydraulic jacks are designed to prestress the cables
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once during construction, not to operate constantly throughout the life of the structure.
Furthermore, they are heavy and expensive. They are also too large to be easily integrated
into the end of the girder. Durability and reliability are other problems faced in long-term
applications. For this application, it will be necessary to redesign these devices. It is normal
construction practice to post-tension several tendons sequentially, not all at the same time.
Here, all cables have to be controlled independently. To make the structure fail-safe, a failed
tendon must be replaced as soon as possible. The required access to the tendons has to be
incorporated in the design.
5.3 Specifications
To choose or evaluate a suitable operating principle, clear specifications for the actuator have
to be defined. Based on a list in [10], the specifications will use the parameters force, stroke,
velocity and reaction time, "hold load on power-off', power source, efficiency, size, weight,
reliability, environmental factors, thermal effects, maintenance and cost. First, these
parameters will be specified. Then, a number of operating principles will be described and
later evaluated using these parameters.
5.3.1 Force
Force is probably the most important parameter. Its requirements greatly reduce the number
of suitable actuator types by excluding many operating principles. The actuator has to be able
to generate the tendon force. A single actuator has to prestress one tendon only. The force in
one tendon equals the total prestressing force in the girder divided by the number of tendons.
The total prestressing force is in the order of Mega-Newtons (MN). The number of tendons
normally is not large enough to reduce the force in one tendon by more than one order of
magnitude. For the compensation of a failed tendon, the tendon force might have to be
increased significantly from normal levels. Due to an infinite number of possible
configurations, no specific number for tendon force can be given.
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5.3.2 Displacement and Stroke
For a given tendon, the displacement of the tendon end can be calculated using the difference
between the minimum and the maximum force in the tendon, the length of the tendon and the
modulus. Stroke is the relative movement of the actuator element that is connected to the
tendon. The stroke must match the extreme positions of tendon displacement. Displacement
is not an independent parameter. It is directly linked to the tendon force. As for force, no
generally applicable number can be given for the stroke or displacement.
5.3.3 Velocity and Reaction Time
The required reaction time and speed of force generation depend on the loading conditions
and on the control scheme. If the system is designed for quasi-static load changes only,
velocity is not an important criterion. For the next step in the system development, when fast
load changes and dynamic effects are included, velocity becomes an important factor. When
velocity becomes important, other system elements besides actuators are also affected. In that
case, dynamic effects on the structural system and on the anchorage zones have to be
considered. Concrete is a brittle material. The design of the structure must allow impact-like
application of prestressing forces, if fast load changes and dynamic effects are considered.
The limitations of the structure are greater than those of the actuator.
5.3.4 Efficiency
An energy efficient design is necessary. When no changes in the system occur, actuators
should not generate forces or consume energy in other ways. Unless adjustments become
necessary, the system must be "locked" and function as a passive structure. Efficiency at this
point is secondary in the same way cost is. First the technology has to be developed, then a
commercial application, such as the one described earlier, can be designed for efficiency and
minimum cost.
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5.3.5 "Hold Load on Power-off"
"Hold load on power-off' is a feature that allows the actuator to withstand a force when the
power has been turned off. This means the actuator requires no external energy input to hold
a load. Energy input is only required for a change, not for a invarying and static loading
condition.
"Hold load on power-off' is an important criterion for several reasons. One of the reasons is
to prevent losses in prestress due to slip at anchorage, as the locking of the position can be
done within the actuator. Another one is energy efficiency. Finally, it is important for safety
aspects. Requirements of safety and energy efficiency make a locked position necessary,
when there is no change in the system. During implementation of a change, this feature even
protects against damage from a power failure. This also relates to the reliability of the power
source.
The actuator's ability to perform "hold load on power-off' exactly fulfills the function of
locking the position. If the actuator does not have this ability, the tendon position must be
locked mechanically when there is no change. This requires an additional device, which
causes problems regarding maintenance, reliability and size. The ability to perform "hold
load on power-off' is desirable, but not necessary, if other ways of locking an actuator
position can be found.
5.3.6 Power Source
Power source is not a scientific, but a purely practical issue. To make the system
commercially available, it must be able to utilize a commonly available form of power. This
power source is electrical power. The actuator may use electrical power directly or indirectly
as an energy source. If it is used indirectly, electrical power first has to be converted into the
form of power the actuator uses. All devices for power conversion are part of the actuator.
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For the power requirements of electrical energy, the most important criteria is availability,
meaning the requirements should not exceed what is generally available in terms of voltage
and other parameters for the operating of mechanical installations in a building.
5.3.7 Size
All tendons have to be equipped with their own actuator. Therefore, the maximum allowable
size of the actuator is limited. Naturally, larger girders require larger forces per tendon. They
also tend to have more space available to house larger actuators. Systems with smaller but
more tendons require more, but smaller actuators. No quantified restrictions on size can be
given here, as they are project specific. Generally, it can be said that conventional hydraulic
jacks are too large for permanent structures.
5.3.8 Weight
Weight is an issue similarly structured to that of size. The number of actuators is an
important factor for weight requirements and so are the physical constraints in individual
projects. As with size, no numbers that have general validity can be given. Weight is of less
importance than size.
5.3.9 Reliability
The importance of reliability is comparable to that of efficiency. For commercial
applications, it is crucial, but in lab applications, it is almost irrelevant. Although reliability
can be improved significantly in any system with good engineering, an operating principle
with few inherent problems in this respect is preferable over one with a history of reliability
problems or a potential for them.
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5.3.10 Environmental Safety
Any kinds of emissions into the surrounding of the system are regarded environmental
factors. These emissions can be solid, fluid, liquid, thermal or radiation. This issue concerns
emissions of the system as a whole. Internal effects such as thermal effects on other system
elements are covered separately. Possible concerns are leaking hydraulic fluids,
electromagnetic fields and thermal radiation. The requirements for this part very much
depend on the individual case. To create a functioning system they are not important. In a
final product or commercial application, they have to be considered.
5.3.11 Thermal Effects
Thermal effects are an important issue, as they affect the physical surrounding of the
actuator. Excessive heat development can be harmful to concrete. For short-term
performance, the issue can be neglected. On a mid- or long-term scale, it becomes critical for
the structural integrity of the system. Permissible values can only be given for an individual
case depending on the concrete structure, the integration of the actuator and environmental
conditions.
5.3.12 Maintenance
Maintenance is another practical issue, which is very important for future commercial
applications. Maintenance is not an important factor for lab systems for academic purposes.
However, with commercial applications in mind, cost and frequency of actuator maintenance
becomes very important. This factor can be improved in the process of final engineering.
Nevertheless, the impact of the choice of operating system can be enormous and therefore
should not be neglected. A bad choice of the operating system can severely limit the potential
of a system for future development.
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5.3.13 Cost
Although cost is not supposed to be a criterion for the evaluation at this stage of the research,
it will be crucial for any commercial application. Therefore, it will be included in the
evaluation of operation principles. Cost and relative cost may change quickly, but the
provided information can be valuable for the selection of a system at a later point.
5.4 Operating Principles
In the following, all alternatives for actuator operating principles will be described. Theory
and abilities of the operating principles are explained in general. Later, their suitability for
this application will be determined by evaluating the ability to fulfill the requirements stated
in the specifications. The operating principles that are discussed are hydraulic systems, linear
electric actuators and shape-memory alloys.
5.4.1 Hydraulic Systems
Hydraulic jacks that are used for prestressing during construction essentially are hydraulic
systems. Hydraulic systems consist of a pump and a hydraulic cylinder, which is the real
actuator. Hydraulic cylinders generate forces by creating hydraulic pressure differences that
End fixings
Figure 32: Hydraulic Cylinder as in [10]
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move a ram. A hydraulic pump can supply one or more actuators. The location of the pump
can be different from that of the actuator.
Pressure is applied by way of a hydraulic fluid, which most commonly is a hydraulic mineral
oil. In some cases, for safety reasons, water-based hydraulic fluids are used. The actuator is
controlled by valves, which control the hydraulic pressure. Valves can be either simple
discrete position valves or more complex servovalves. The former ones have only two
control positions, full flow and zero flow. Servovalves, also called electrohydraulic
proportional valves, can seamlessly adjust to any control position. Capabilities of hydraulic
cylinders are described in [10] as:
u exerting very high forces in a compact format
i hold on load (hydraulic locking) can be obtained if the piston and valve seals are
leaktight
Li very precise control of movement and position is possible
L pressure relief valve provides overload protection
Hydraulic actuators are commercially available in many different configurations. However,
no shelf product is suitable for this application without modification.
5.4.2 Linear Electric Actuators
Linear electric actuators are based on the same functional principles as electric motors.
Electric motors have a rotational motion, while linear electric actuators have a linear motion.
Linear electric actuators can be seen as an "unrolled" rotary electric machine. As electric
motors they consist of a stator, which is fixed, and a translator, or mover, which moves. A
more detailed description of the operating principle can be found in [4].
Linear electric actuators can be categorized into flat linear configuration and a tubular linear
configuration. The flat linear configuration is shown in Figure 33. The tubular configuration
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can be derived from there as shown in Figure 34. The flat configuration is simply rolled up
again in the transverse direction.
5.4.3 Shape-Memory Alloys
Although shape-memory alloys (SMA) cannot be considered a serious alternative, they will
be included in this research for completeness. The shape-memory effect has first been
discovered in the Ni-50% Ti alloy [27]. Very briefly wrapping up the process, the material
exists in a "martensitic" form at room temperature. When subject to plastic deformation the
structure of the bond between layers of atoms changes. When heated, the material goes over
to the "austenite" form and most of the plastic deformation is reversed. Through
Figure 33: Unrolled Rotary Electric Machine as in [4]
Figure 34: "Development" of the Tubular Linear Actuator as in [4]
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15W
thermomechanical cycling, the material can be transformed into a two-way actuator that is
triggered by temperature changes.
Some research has already been carried out for the use of SMAs for "smart" prestressing. As
described in [27], SMA wires can be embedded in concrete and generate a prestressing force
upon heating.
5.5 Evaluation of Operating Principles
After the general options for operating principles have been presented, they will be evaluated
towards suitability for this application. This will be done using the criteria listed above.
5.5.1 Evaluation of Hydraulic Systems
Generally, hydraulic systems such as hydraulic jacks are suitable for prestressing applications
and are widely used. Hydraulic systems can generate a force of over 108 N (100 MN) [10],
which is large enough to meet the requirement of this application. The displacement position
is independent from the generated force and few factors limit available stroke, so that all
requirements are met here, as well.
As for velocity and reaction time, the system performance depends on the fluid pressure
supplied by the pumps and the valves. If the necessary pressure is provided in advance,
reaction time is sufficiently short. Otherwise, the delay is too long for any dynamic
applications. The valves must be able to implement changes fast enough to meet the speed
criterion. Hydraulic systems are suitable for quasi-static applications. For dynamic
applications, measures have to be taken to make the system suitable. At this point, however,
only quasi-static load changes are considered.
Hydraulic systems convert energy twice and therefore are less efficient than systems that use
only one conversion. Hydraulic systems have a "hold load on power-off' feature. When the
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actuator movement has come to a stop the load can be held simply by keeping the valves
closed. As a power source, the actuator uses fluid pressure, which is provided by a hydraulic
pump. This pump can use a normal electrical power source. Hydraulic systems are able to
"store" energy to a certain extent. The pump can build up pressure that is used later.
In terms of size and weight, hydraulic systems have advantages over other actuators. The
pump can be placed at a location away from the girder and supply several actuators. The
actuator itself can be fairly small. However, commercially available systems as hydraulic
jacks are too large for this application.
Thanks to control valves, hydraulic systems have many components that are subject to
mechanical wear and tear. Their reliability is therefore poor compared to other systems. The
major problem of hydraulic systems is their tendency to leak hydraulic fluid. This can
severely affect their performance and causes environmental hazard. Other than that, there are
no significant negative environmental factors. Thermal effects will probably be small with
hydraulic actuators, since they develop relatively little heat.
The weak point of hydraulic actuators are valves that wear out quickly. Frequent
maintenance and repair are necessary. Looking at this criterion, other systems are more
favorable. While maintenance cost will be high, the initial cost of the system is likely to be
low. Commercially available systems cannot be used directly, but only few modifications are
necessary to create a working research model.
5.5.2 Evaluation of Linear Electric Actuators
Virtually unlimited forces can be generated with linear electric actuators. Commercially
available systems are able to generate forces up to 6 x 105 N (0.6 MN). With custom-
designed systems, even larger forces are possible. From the viewpoint of force generation,
linear electric actuators are suitable for this application.
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In linear electric actuators, the generated force is not related to the displacement position.
The requirements for stroke can easily be incorporated into the design of the actuator. Linear
electric actuators have no problem to meet the requirements for velocity and reaction time, as
they apply a very direct method of force generation.
Linear electric actuators are very efficient. Electrical energy is directly transformed into
motion energy. Unfortunately, they posses no feature to store energy. Thus, they have a
highly fluctuating energy demand. They are also lacking a "hold load on power-off' feature.
Generally, the power supply of linear electric actuators is not expected to cause any major
problems. Power lines can be placed without constraints, as they occupy virtually no space. It
is difficult to judge the size of these actuators, since no shelf models can be used without
substantial modification. However, they are likely to be comparable in size with conventional
hydraulic jacks. Their weight in contrast is not expected to cause serious problems.
Linear electric actuators promise advantages in reliability and in terms of environmental
safety. Because they have few moving parts and few points of friction, their reliability can be
assumed to be superior to that of most other actuator types. For the same reason, maintenance
cost and frequency of repair are very low. Except for electromagnetic fields, linear electric
actuators have no emissions. Internal thermal effects will cause problems for the long-term
structural integrity of the concrete. Heat development will be substantial. Ways to prevent
negative effects on the structure such as insulation and cooling systems have to be
investigated.
5.5.3 Evaluation of Shape-Memory Alloys
SMAs are generally suitable as prestressing materials for concrete. Their great advantage is
that the prestressing force is directly generated within the material. Therefore, no external
devices are needed. This ideally solves the problem of space and geometry. However, SMAs
face a great number of problems. Their disadvantages easily outweigh their advantages. The
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main problems are magnitude of force, controllability, temperature requirements, energy
consumption and reaction time.
The largest problem SMAs encounter for this application is magnitude of force. SMAs
usually come as small wires, with one wire generating a small force. Hence, a great number
of wires are needed to generate a sufficient force. Alternatively, larger cable-size wires could
be used. They could be used as unbonded tendons and therefore can be replaced if necessary.
Small wires are directly embedded into the concrete and cannot be replaced.
Furthermore, the generated force is hard to control. SMAs tend to exhibit a "digital"
behavior. They have only two possible modes: on or off; 1 or 0. The area in-between is hard
to control and cannot be used to generate a force below the maximum. This limits the options
for the control of the system since only two positions are possible. The large number of small
wires can help to solve this problem, by switching some of the wires "on" and others "off'.
With a small number of large wires, the controllability does not reach a sufficient level.
When switched on, SMAs require a constant temperature specified by the material properties
to generate the prestressing force. This temperature can be very high, in the order of 1200 C
or more. The temperature must be applied constantly, when the force is generated. Concrete
in the vicinity of SMAs is likely to be effected negatively by the constant presence of high
temperatures. Since the high temperature has to be maintained at all times during operation,
energy consumption is extremely high. Even when no changes are necessary, energy has to
be fed into the system to recover thermal losses, which are unavoidable even with good
insulation. This makes the system also vulnerable to a power failure. Other actuators are only
active when a change in the system state becomes necessary. At other times they consume no
energy and thus operate more efficiently.
Another aspect that causes problems is reaction time. Since a change in prestressing force has
to be initiated by a change in temperature, SMAs react slowly. Small wires naturally have a
shorter reaction time than bigger ones, but they are still relatively slow. For quasi-static load
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changes, their reaction time is sufficient. Keeping in mind the long-term objective of
including dynamic loads or even vibration control, however, their potential is limited. In
addition to that, durability might cause severe problems. SMAs are new materials, so no
experience on long-term performance and durability exist.
Summarizing, it can be said that SMAs are not an option to be seriously considered as an
actuator. Although they have some advantages, their disadvantages seem more dominant at
this point. SMAs are also likely to cost more than other alternatives without performing
better in any aspect.
5.5.4 Selection of Suitable Actuators
Based on the evaluation of operating principles, a suitable actuator has to be selected. For a
number of reasons, SMAs can be excluded as an alternative. That leaves the choice between
hydraulic systems and linear electric actuators. Commercially available hydraulic systems
meet the requirements more closely than their linear electric counterparts. Despite their
numerous flaws such as lack of reliability and environmental problems, they seem the most
suitable for prototyping and lab applications or for construction method applications.
Linear electric actuators need to be custom-designed for this application. The main problem
is that actuators with the desired capabilities in force generation are technically feasible but
not commercially available. Linear electric actuators seem to solve many problems that are
difficult to solve with hydraulic actuators. They have the greatest potential for long-term
product development and commercial applications of the proposed system.
5.6 Integration of the Actuator into the Girder
As part of a final product design, the actuator has to be integrated into the girder. The
physical interface between the actuator and the girder is an essential element of a commercial
application. For research applications, it is of minor importance. The integration can be
87
Chapter 5 Actuators
separated into the connection between the tendon and the concrete structure. These parts have
to be considered under the aspects of serviceability, possible replacement of actuators or
tendons and protection of the tendons against corrosion.
The anchorage zone has to be designed in a similar way as in conventional prestressed
structures to ensure the load transfer from the tendon to the actuator to the concrete. Equally
important is the connection of the tendon to the actuator. The actuator should be detachable,
so either element can be replaced. If the actuator is being replaced, the end of the tendon
must rest against the concrete structure to form a passive system. The tension in the tendon
must be maintained at all times. This passive position can also be used to "lock" the tendon,
while no change is required. This helps the actuator to conserve energy. The connection of
actuator and tendon also involves corrosion protection of the tendon. Finally, the actuator
must be accessible for maintenance and repair.
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6 Integration of Components
6.1 Introduction
So far, the structural control components, sensors and monitoring scheme, control scheme
and actuator, have been discussed individually. In order to design a complete system, the
components have to be assembled and fitted together. This includes the clear definition of
input and output variables. This has already been done to some degree. Here the state of
integration is checked and evaluated and missing parts are added. The ultimate goal is a
single entity for the whole system. Clearly defined elements are important to avoid interface
problems. They also make it easier to try alternative solutions for single components. First,
the interface between sensors and monitoring scheme on one side and the control scheme on
the other is presented. Then the connection between the control scheme and the actuator is
outlined.
6.2 Sensors, Monitoring Scheme and Control Scheme
Data is acquired by the sensors, processed by the monitoring scheme, and then used as input
parameters by the control scheme. The boundary line has been drawn between the monitoring
scheme and the control scheme. Functionally, the chosen separation into sensors and
monitoring scheme for state assessment and control scheme for data interpretation and
evaluation makes sense. However, from a design point of view, sensors are hardware
components, while monitoring scheme and control scheme are software components. This
89
Chapter 6 Integration of Components
Integration of Components
makes the boundary between the two hard to define. For this reason the use of the previous
convention is continued. The monitoring scheme processes the "raw" sensor data to calculate
the stress at sensor locations. The control scheme then decides on appropriate action based on
the processed data. With this definition of the interface between monitoring scheme and
control scheme, the initial separation has proved practical. Once the final design of these two
components is complete, they can be assembled into one unit. Taking this idea further,
sensors, the control scheme and actuators can be combined in a single element. This employs
the concept of intelligent sensors that have actuator capabilities and are self-controlled.
6.3 Control Scheme and Actuators
The physical integration of the actuator has been discussed before. What remains is the
integration of the actuator into the flow of information. The prestressing force is both an
input and an output variable for the control scheme. The actuator "reports" the value of the
current prestressing force or it is provided by the actuator unless it is measured in the tendons
directly. Most actuators do not use force directly as their control parameter. Actuators
typically use parameters such as valve position or switch position. The input data therefore
has to be further processed. The separation between control scheme and actuator is defined as
this point. The control scheme has the prestressing force as output. The actuator uses it as
input data. Any further information processing is considered part of the actuator. This makes
sense, as it allows independent consideration of different alternatives for control schemes and
actuators. Together with the monitoring scheme, the data processing unit of the actuator can
be integrated into the control scheme to form a single software package that controls the
entire system.
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7 Summary and Conclusions
7.1 Accomplishments and Future Goals
A complete concept for an active prestressed concrete structure has been presented. All
aspects from data acquisition to adaptive control to actuator technology and structural issues
have been covered. Several alternative solutions for the three system components, sensors,
control scheme and actuator, have been described and evaluated. Promising principles and
concepts have been identified. A combination of fiber-optic sensors, a fuzzy logic based
control scheme and linear electric actuators appears to combine the most desirable features
with the fewest disadvantages.
Naturally, not all problems could be solved completely. The conversion from strain to stress
data requires improvement. The control scheme can be expanded to handle more loading
conditions and dynamic effects. Many practical problems of actuator technology, such as
thermal effects and size have not been solved.
On the way towards a commercial product, the following steps in research and development
have to be taken. The exact scope of the product has to be defined. The scope depends on the
application. An application as a construction method has specifications that are completely
different from those of a permanent structure application, such as a bridge. Now that the
capabilities and concepts have been explored, a choice can be made for all system
components for a given application.
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Product development is necessary in the area of actuators. For construction method
applications, hydraulic systems are the best choice. For permanent structures, linear electric
actuators should be preferred. Sensor technology needs to be developed further. Better ways
to measure or compute stress have to be found. Finally the control scheme has to be further
refined. Future developments will include more loading conditions and load distributions as
well as dynamic effects.
Besides extending the capabilities and performance of the system, it will be necessary to
make the design more cost efficient. Economic considerations will become increasingly
important with the advances in the design.
7.2 Future Outlook
The importance of active and adaptive structures will increase in the future. Active structures
are designed for multiple loading conditions and load distributions. Unlike passive structures,
they can deal with more than one loading condition efficiently.
However, active structures cannot make use of their full potential because of the limitations
of classic control. With a growing number of loading conditions and combinations, a
conventional control algorithm will be unable to control all of them. This problem can be
solved through adaptive control. Adaptive control schemes do not require that every loading
condition is defined exactly. Adaptive control allow active structures to make use of their full
potential. Although they can solve many of today's problems, adaptive systems are not
exactly a new concept. Nature provides a large number of examples for adaptive systems.
The chameleon is maybe the most obvious one. By changing its color it adapts to its
surrounding.
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